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LIST OF SYMBOL3

Capture area of antenna, (Must have same unils of ares
a8 PWF')

Network 3-db bandiwdth,

Network noise bandwidth,

B = G(f)ar

oI+
o—s

System eftective bandwidth,

Effective bandwidth of the linear pre-detection portion of
a recelver,

Video amplifier bandwidth at which detector-video-amplifier
censitivity was measured,

Noise power denslty at deteclor input attributed to the
linear system, watts/cycle.

Equivalent. noise power density at detector input attributed
to detector-video-amplifier noise, watts/cycle.

Mean square value of thermal nolse voltage.

External noise factor (ratio).
Intermediate-ffeqﬁehcjh;mplifier center frequency.

Local oscillator frequency.

Width of frequency band swept by the local oscillator,
Width of desired band pius image band included in passband.
Network noise factor (noise figure) at a given operating
point and input frequency. Commonly called the "spot
noise factor". Rcferred to the standard temperature,

290°K, unless otherwise specified by a subscript.

Netowrk noise factor averaged over the network frequency
range.

= F(£)G(f)af

F="rmma - =%
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LIST OF AYMBOLS (Cont'd)

Network optimum noise factor at a given operating point
and frequency. lowest nolise factor that can be obtained
through adjustment of the source admittance,

Network average opurating noise factor,

Network average effective noise factor (referred to the
source temperature),

Noise factor of networks No. 1l and No. 2 in cascade.
Noise factor of networks 1 to n in cascade,

Eacess nholse factor, Used in cascaded network formulas.
Network gain g = SO/Si

Available network power gain at frequency f.

Available gain at some convenient reference frequency, fo;
usually frequency of maximum response.

Boltzmenn's constant: 1,374k x 10723 Joule/oc;
10 log) k = -228.6.

Constant describing gain of detéctor/video-amplifier com-
bination.

Network loss L= %

Availatlc noise power., Normally refers to kTB thermal
noire.

Network input noise power, watts.
Network total output nolse power, watits.

Network output noilse power attributed to amplified input
nolse, watts,

Network output noisc povWer attrituted to excess network
noice, watts.

Signal pover required to meet "minimum detectable signal"
criterion at output, referred to receiver input terminals.

Signal power required to meet "minimum detectable signal"
criterion at output, reterred to detector input.
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LIST OF SYMBOLS (Cont'd)
Signal poawar required in wvave front per unll area at
raceiving antorna to meet "minimum detectable signal”
criterion at output. (Units of area same as for A.)
Resistive component of an element,
Notwork input signal power.

Network output signal power.

Sensitivity of detector/video-amplifier combination as
measured at the detector input.

Excess-noise: temperature ratio.
Noise temperature ratio,

Period of one frcquency sweep by the local oscillator in
the repetitive-sweeping panoramic receiver,

Equivalent temperature of the antenna renistance, both
radiation and ohmic considered together,

Temperature of the surroundings and equipment.

Apparent temperature seen by system when the system effec-
tive noise temperature is added to the source temperature,
T.

8

Effective noise temperatur=, Refers to excess ncise, Used
by radlo uslronomers.

Equivalent noise temperature., Refers to total noise out-
put of network.

Standard temperature: 290°K, 17°C.

Equivalent temperature of the radiation resistance of an
antenna,

Temperature of the source as seen by the network., Often
refers to the noise source discharge temperature,

Excess noise temperature of the source.

Relative noise temperature of the source.

Relative excess nolse temperature of the source.
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LIST OF SYMEOLS (Cont'd)
Reactive component of &n element.
Reactive component of the antenna.

Antenna radiation efficiency.

Subscripts Used in Referring to Various Hoiwork Elements:

Antenna

r~f bandpass
Detector

i-f amplifier

Linear portion of receiver, i.e:, receiver input terminals
to detsotor input.

Local oscillator.
Mixer.

r-f preamplifier.
r-f preselector.
Transmission line.

Video amplifier.
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PART ORE --- INIROCUCTION

b

. THE FROBLEM
During thes sourse of a project which was underiaken to investigate
some of the systems design considerations of frequenzy-scanning micro-

S

wave radar intercepi receivers, it teeame incressingly apparent that a

detalled understanding of system and component noise, as well as related
problems; 1= of major importance, OF partisulsr intercct in the lorger

Tudy was the maximum Sver-zll sensitivity that could be expected from
a receiver system, and it was desired to be able to estimate the value
of this charccieristic from a "paper study”™ of the system.

As the original study progressed, a greater appreciation of some of
{the more subtle poinis in considering noise was developed; but these
techniques and problems are aot unigue to the intercept receiver. In
grier to permit s betier dissemination of the materisl on noise alone,
the nolse section has been extracted from the study of intercept recsivers
and is presented here a5 a separate report. An attempt has been made
to keep this material as genersl as possible. At times, however, this
was not possible; and the particular examples used in such cases are
those that were of prime interest in the original study.

An engineer is usually able to estimate the order of magnit ude
of the sensitivity of s system before ho consiructs it, but more often
than not there is = wide discrepancy beiveen the caleulations and the
actual measured performence, In fact, it is often difficult to calculate
the measured sensiitivity even after the cqouipment hkas been huilt.

Usually some of the difference can be traced to an obscure point that was
2d. One of the purposes of inis study was to bring out some of
thess finer details as well as to present a very general technique for
meking seansitiviiy caleculations. It certainly cannot be expected that
the calculations will agree precisely with the actual performance; nor

; but the computed values should be as close
as possible (perhaps 5-db difference would be an sccepiable standard in

W

point ¢f view that the following study

; criterion used throughout this report

Wiy

e




Tinitions are possible,
+
L4

criterion employed.
and descriptions of network noise and caleulstions
are very counfused topics in present day literature.

report will represent s compleie and consistent

16 report is divided into tw

Q
g
C
=]
L
Lo ]
5
¢ ,
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5]
by
o
a3
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o

th very genersl topics such as

ng nolise power. fTme uni

oy

noise temperatures presented here is believed to be unique in this field.

Although <this topic is very confusing when it is first encountered, it

i
iz hoped that the presentation here will give the reader some insight

into the origin and significance of the various "noire temperaiures”.

ther names for those that a:o presented here, but the
seven which are discussed sre the ones most commonly éncounteresd. The
camplete discussion of noise figures and noise iemperatures is intended
e a thorough guide to the litersture on this topic.

cond portinn of ths report provides practical application of

ine se
the definitions and techniquss presented in the first part, while describ-

ing the methods pertinent to computation of component and system sensi-

aprendices trest severzl topies of importonce in making

fil'ﬂ'

which did not it into the main body of the

1
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PART THO --- NETWORK NOISE

IZ. IFTRODICTIOR

Tne magnitude of the totsl system gutput noise is extremely im-
I+ is this

fie min-

g
b

noige is effeciively determined by the firsi one or two stages. The
¢ ralationships defining the over-ali system

£ it Ed

ystems engineer ip know the essential conditions
ion can apply. Before it is possible %o look

ie, though, it is important to examine first the
3 £~ ohd-3

g noise in each stage. This section will present
5 which will be elsborated on and employed in the

g section which is concerned with the various ways of describing

single "signal® channel. A method for including "image channel” noise
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m B = 3%
:, = kT3, (2.3)
<2 -

terminals of any resistive

A gyzle. This value =stablishes
o
g minimum Jevel for the input noise pover density 10 any network.

B. Active sourse noise, T

e expression ziven sbove for ithe

noisé power available,

it
]
5
s3]
)
oy
i
"
il
[l

the s&%e manper s an active

netvorz.

T from zach may be described
using the seme expressicns. The temminology may be changed, but the

C. HOISE BANDWIDTS

ctive noise bandwidth” is

to the mumericsl

[

r density and the

e
it

i noise power in

the system.*®
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Whon there i3 any question as .o what the "noise bandwidth" of a
dovica {0 or vhat the "effectiva bandwidih" of the sysiem i3, the problem
can be examined usine unise powur density expressions, and the output
nolue power can be cnlculated when the bandwidth is determined, if the
"density" 1o constant over the entire bandwidth in question., If this is
not the case, it will be necuessary to divide the bandwidth into smaller
segnents, each having a constant output noise povwer density, and then tn
calculate the total noise power {n the output as the sum of the power in
each of the smaller incremental bandwidths, An examplie ot this technique
will be presented in Appendix C which considers a complex problem in-
volving the image frequency responce of a superheterodyne receiver,

Just as the total noise power may te multiplied by the pover gain
of a device, or Ye increased by the addition of excess noise power added
by the device, so may the noise power density be multiplied by the gain,
and increased by excess noise povwer densitlies. Extremé caution is var-
ranted in either cnse 1f there ie a situation involving different band-
widthsa.

E. TEMPERATURE AND FREQUENCY CONSIDERATIONS IN NOISE PERFORMANCE

For nenrly all active networks, the noise power added to the output
by the network varies with the center frequency of the pmssband, even
tiiough the noise bandwidth remains constant, Therefore, it is an
essentinl pnrt of the description of thc noisc performance of a network
to opecify the center frecquency considered. The gain of the network must
nlon be given as well as the nolse bandwidth,

The ambient temperature of the network may also affect the network
noise performance. The excess noise added by the network may be a
function of itc umbient temperature, but this temperature dependence is
usually not considered in systems engineering. The systems designer
normally begino his calculations, glven a value for the network excess
roise that {5 a function only of the center frequency and the noise band.
width, ‘The only comnonly encountered exception to this is the consider-
ntion of the noise performance of n paasive network which is a direct
funection of the network umbient Lemperature.

.8-



III. DESCRIBING NETWORK NOISE

A, INTRODUCTION

1. NOISE FACTORS AND NOISE TEMPERATURES. With the present state
of confusiorn in this field caused by & multiplicity of definitions, an
engineer is in danger of creating more rconfusion as sogn as he mentions
"noise factors" or "nolse temperatures”., After some examination, though,
what first appeared to be a completely illogical and unnecessury compli-
cation of the subject is found to have some semblance of order., One of
the purposes of this paper is to point out the basic philosophy governing
all of the methods of describing the "noisiness" of a network., It will
not ve possible to fully examine this topic and cover all of its aspects
here, but an attempt will be made to correlate in one ceantralized develop-
nent mo=t of the important detailis. The purpose of this development is
to acquaint the systems engineer with the many variations possible in the
methods of referring to network noise, and to show how one may be con-
verted to another. Two tables giving -onversion factors and useful
formulas surmarize the resulis, whereas, in the text proper, the temms
are defineG and their use in equivalent block diagrams is illustrated.

There are two general methods employed %o describe the noise per-
formence of a network: noise factors (or figures), and noise temper-
atures. Only those terms in common use will be covered in detail. Some
others that might possitly be used will be mentioned in the summary to
this section.

To conciude this seation, "source temperstures" of both signal and
nolise sources will be discussed.

2. EQUIVALENT BLOCX DIAGRAMS FOR LINEAR NETWORKS. It is possible
to clarify greatly the calculations involved in determining the physical
signiricance of the various noise factors and nolse temperatures if each
linear neivwork is represented by a combingtion of an ideal noiseless
network and an excess-noise generaior, as in Fig.

AR

1. The terminal
characteristics of this combination must be the same as those for the
actual networx; therefore, the input signal power, input noise power,
output signal power, ané output noise power must all be equal, respec-
tively, o those values obtained from the aciual network.

~
-3 -
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EFFECTIVE RESIST!VE P DEAL l
COMPONENT OF SCURCE NO'SELESS | > ] >
TEMPERATURES T, NETWORK
EXCESS
NOiSE
GENERATOR

FIG. 3.1. Equivalent block disgram of a linear network.

There is no control over the input values; but the output noise
povwer can be separated into twe parts: amplified input nolse, and excess
noise generated in the network. It is then possible to refer the noise
added by the network to the input or the output, and to describe it by
different terms.

B. THREE NOISE FACTORS

1. INTRODUCTION. After iis introduction in 1942 by D. 0. North,
the noise ractor came into widespread use as & method of describing the
noise performance of a network. At the time of its introduction, engin-
eers were just beginning to become interested in a quantitative measure
of the "noisiness" of a system, for that date approximated the beginning
of general interest in equipment that operated above 30 Me. Prior to
this time the level of static and other interference in ihe frequency
ranges of importance was such that the noise performance of the rezeiver
itself was not very siguificant in determining the over-all sensitivity

of a system.

- 10 -




The “"standard noise factor” was the term first defined, but it was

apparent immediately that this term was inapplicable when the source
3,
. . . . . L X B
temperature was not the standard. In his original work, North ~ alsc

defined the “"operating noise factor" which will be discussed below; and
f—4

aaha 1 s
in 1943, Goldberg 7 introduced the "effective noise factor” which will

o

aisc be covered here,

2. BASIC CONCEPT OF NOISE FACTORS. To compare the actuasl perfor-
mance of s network to that of ideal devices, the terms noise factor and
noise figure are ccmmonly usad. "The noise factor of an amplifier is
the ravio of the actual output noise power available to that which weuld
be available if the amplifier merely amplified the thermal noise of the
source, 12,b9 Or, if the input to this network is the outpui of sanother,
the ideal device merely amplifies the output noise power of the source
networx.

The term "noise {igure" is often used interchangeably with "noise
factor", and common usage has become such that both often refer to either
the db figure or the power ratio. The calculations in this paper will
use primarily the power ratio. When the dbt figure is required, it will
be specifically noted.

Although it is not implied by the definition given above, another
one of the prime functions of any noise factor is to express the total

noise power of a network by an expression similar to the one given below,

Wt

{Totsl noise power output} = F kTBG (3.1
Briefly, then, the iwo uses of noisc factors are:
{1) to compare the noise performance of an actual network to that
of an ideal noiseless deviee, and
{2) to express the total noise output of a network in a simple
expression.
. S8POT AND AVERAGE NOISE FACTORS. The excess noise power added

by the network varies over the pass-band of the network. The value of

LY

the noise added at any given frequency may be a funcition of the gain of

the neiwork only, or it may be a function of Loth the frequenzy depende

o

of the gain and the frequency dependence of ihe nolse genersiing process.

- 11 -

nce

"




To emphasize this particular point the term "spot noise factor" is
often used to refer to

©

hat value applicable for an incremental fre-
quency band. It 1s then customary to use "average noise factor"* to
refer to the ratio of the total available noise power output from the
amplifier to the part of the total available noise powar output which
is due solely to the noise generated by the source.Bg

[ F(f) 6(g) ar

3]
1
[«}

(3.2)

where F = the average noise factor
F(f) = the spot noise factor at freguency £
G(f) = avsilable gain of the network at frequency f.

"The average noise factor is defined as the ratioc of (1) the total
noise power delivered into the ocutput termination by the transducer,
vhen the noise temperature of the input termination is standard (290°K§
at all frequencies, to {2) that portion of (1) engendered by the input
termination. For hetercdyne sysiems, {2} inciudes only that portion of
the noise from the input termination which appears in the output via
the principal-frequency transformstion of the system; and does not in-
clude spurious contributions such as those from an image-fraquency trans-

I
o=

Sirce all of the definitions of the noise factors given below will

use tetal noise powers, the quantities avtually defined are ™average

noise faztors”. The normalization is done in deriving the expression
for the noise bandwidth. Also, the assumption is made that the fre-
quency dependence of the noise generating process is negligible over the
freguency range of interest.

™

Tae spot nolse factor 1s used in the rigorous anaiysis of the noilse
_ *%
verformance of cascaded networks.

¥ e . . i .. . . 3B
Also called the "integrated nolse factor" by Lawson and Uhlénnecx.3

% . 11 \
See for example Freemsn, p. 195,

~
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Lk, THE "STANDARD" WOISE FACTOR. As shown in Eq. (2.1), the total
noise output of a netwerk is & combination of excess noise, added by
the network, and the amplified noise from the source. If the eguivalent

noise temperature of the source is equal to the standard temperature

{normally taken %o be 290°K), the "standard" noise factors may be used
to compare the performance of the actusl network to an "ideal noiseless"
one.

The actual total output noise power is ﬁo, but the output noise

power of an idezl network would be

(Amplifiea input
noise pouwer

) = KT BG, - (3.3)

Ther the expression for the standard noise factor is

H

F oa —2 (3.1)
T RG
k_OBCO
where B = noisz bandwidth of the network.
F = "standaré®” noise factor.
GO = maximum available power gain of the network.
. -2 _
k = Bolizmann's constant, 1.33 x 1C 3 joules per degreé
Kelvin.
NO = total output noise power from network.
Eb = standard temperaturs, 290°K {in this formula, also

the source temperature).

The definition given above for (ﬁ?)o may be rewritten as foliows

3
7

A

F=z g {for T_=T._ only) (3.
33

04

where Ni = network input noise pover = kTOB

The available power gain, G, may be defined by the {following ex-
¥ YAl i
A4
pression. g
5 B
Gy =— - (3.6}
S.‘
where S8 = available outsut sizial power

0
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5, = availeble input signal pover.
When this definition for G, is substit uted into (3.3} another common

definition of the noise fastor is obtaineé:

_ (s,/8,)
F = z 3 {for T, = Eb only) (3.7)

N

(sG/VO,

It should be noted that although this definition uses the sigaal-
to-noise ratio, "the noise figure is not a measure of the excellence of
the output signal-to-noise ratio, but merely a measure of the degradation
sufferzd by the signal-to-neise ratio as the signal and noise pass
through the netvork in questian.”**

Again examining Eq. (2.1), it is seen that it can be expressed in

terms of the standard noise factor.

Total cutputﬁ Excess noise |
noise power = Amplified input| 4+ | power added by {2.1)
of network | | noise power the network
N =xP B + (F - 1) kT.EG (3.¢
o = K% T \F - 1) KT 8G, (3-8)

Using the standard noise factor it is then possible to draw =n
equivalent block diagram (Fig. 3.2) in which (F - 1) is used in the ex-
pression for the power output of .%“e excess nolse generator.

Normally this measure of the ..oise performance of the system is

called simply “the noise factor”; however, some author, such as Davenport
and Rooi,§ have used the terminology "standard noise factor® to empha-
size the importance of ihe requirement thet the source be at the stan-
daré temperature.

Only under very rare cirzumstances is the source temperature in any

standard. Variations in the sourze tem-

o

racti system equal fo th

w

perature reguire modifications to the noise factor which will be covered

in the following sections.

-3
H
1

"




5i— - = 562655,
i 1DEAL NOISELESS — L
[ NETWORK N o=xT, BG, $026,S,
T5=T¢ +
8 T N =FxT 86,
N, =xT,8 Goi By Taus

EXCESS-NOISE
GENERATOR

1F-1)kT BG,

FIG. 3.2. Equivalent Llock diagram illustrating the use of
the "standard" noise factor F.

5. THE EFFECTIVE NOISE FACTOR. When the temperature of the source
is &ifferent from the standard temperature, the standard noise factor
can no longer te used in the expression for the total ncise output of
the network. The excess noise added by the network will rezmein the
same, buit the amplified input noise will change. In these circumstances
then, & new noise factor must be defined.

The first noise factor that is defined for source temperature not

equal to the standard is the "effective noise factor"

= ﬁo
“s T kT BG -
‘a0 (3.9)
where ?g = the effective noise factor

the scurce temperature,

T
5
In & manner similar to that of the preceding section, the definition

for the effective noise factor may be vwritien as follows:
b
0
g~ (for anyT)
971

l"m‘"

-
Lad

s .10)

Since this relation does spply, the same derivation as already
given for F will result in the signal-to-noise-ratio definition of the

effective noise factor,

-




— 2 I
F = =2 (for any 7 ) {3.11)
s ‘g /RS - 3
\"0/‘0;
Bquation (2.1} may now be evaluated in terms of the effective noise
faetor
[ Total ocutput Amplified ] {'Exéess noise power |
‘ noise power |= | input noise| + added by the l (2.1}
Lpf the netwWork L power | L netvwork ]
N.=kTBG +(F -1)k 12
Ny = KT _BG) + (F_ } KT BG, (3.12)

Since the network excess noise remains constant under all conditions,

it is very easy to establish the relationship between F and F .

f":_ 3 m = F - 1 y 7 - 3]
(F - 1) k;OBGo {Fs i) KTQBGG (3.13)
(F-1) Ty =(F, - 1) T (3.153

It is important to note that the standard noise factor always has

[WR

the same value since it is defined only for E% = Té, but the effective
nolse factor varies with the source tempesrature. Chart ZII-li will per-
zit quick conversion between the standard noise figure and the effective
aoise figure (both in db).

Using Eq. {3.12}, it is possible to draew an eguivalent block diagram
or the network when TS # Tb. See Fig. 3.3. N

This noise Zactor vwas introduced by Goldbergl3 in 1548 and given

=

R4
the name "effective noise factor” by Davenport and Root.

£ j . j )
Reprinted from QOliver,

confTusing, since “operziing noise factor”
be discussed next,




and F.

vsion chart for F,

CHART I1X-1: Conve




tDTAL NOJ}SELESS
i I S, =« G_S
Ts NETWORK + o 2 !
6.8.7,,, [_’ Ny = Fax7g B8,
} S
Ny = «T,.8

(F -1}xT,.86G,

FIG. 3.3. Equivalent block diagram i1llustrating the use of the
effective noise factor ?s.

ROISE FACTOR. The term originally introduced by

30 use with the source st some tomperature other

than the staadard, is the "opsrating noise factor”. The operating noise

factor is defined by the following esquation

=
F, = — (3.15)
= kaBG§
where ?;p = the gperating noise factor.
iz this case the relation
N
F -9

A . . o
doec not apply. Therefors,

e
owi
(1
Q
-~
Wl
.
5

= G.N,
i

0

Therefore the operating nolse factor carnot be defined in terms of

(3.17)

Egquation 1} may @ = aluated using the gperating noiss

- 13 <
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= z i - = - = =

Fotal output Agplified T Excess noise gaver-!

noise power | = input noise + added by the {2.1})
of the nev ork vowser network

Bquating the expressions for the excess network noise using F end

F , the

op’

L]

ollowing relatisn is obtained:
") (3.19)

T
S
?

F =(F-1)+-2 (3.20)
T

where

= the relative axcess noise temperature of the

source

i
©

Chart IZI-E* will permit rapid conversion between the standard
noise figure and the opersiing noise figure (both in db).

Using Bq. {3.18}, it is possible to drav an equivzlent block dia-
gram for the seiwork using ?;P. See Fig. 3.h.

This quantity was also called both ihe "modified noise factor” and

the "effective noise factor” by Lawson and Uhlenbeck.
7. COMMENTS ON .55 AND Fap. Using either of the modified noise

=%
H

factors defined above wiil produce corroct results if the proper temper-

ature is used in the expression for the Lotal noise power

output. Tae

two function

of the noise factor is most important in any given case.

i




. [(Ftix om)]

(Foptin a0}l

CFLIN 28)

IRANN

Chart I1I-2: Conversion ~hart for ?o? and F.
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i

FIG. 3.4. Eguivalent block dizgram illustrating ihe use of the

operating noise factor, ?GP

the effective ncise
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The quantity o7 interest may be either the total network output
noise power or only that portion of the output noise power added by the
network; it may be desired to refer this quantity to the input or to
the output; and, finally, it may be more conveniient to use & normalized
temperature ratio than a temwerature in degrees Kelvin., Such a system-
atic approach was not used wnen tie individual terms were first derived,
tut the use of these three factors does permit an organized study of all
of the terms that have becen devzloped. OF the eight possible noise tem-
peratures, only the four in common use will be covered in detail here,

It has become a common practice to refer to the generic group of
terms that will be discussed below as "noise temperatires", The use of
the term "temperature".may be mislecding. Only in one case is the "tem-
perature” something that can be measured physically, the source temper-
ature. In the cases considered in this section, "noise temperature" might
be described as a fictitious electronic quantity used only to r:fer to
an apparent or equivalent temperature of a resistor that has a noise
power output equal to some componeant of the noise power associated with
the network., For several of the terms to be discussed, the quantity is
dimensionless and mereliy represents a ratio of two "temperatures®, This
point will become clearer as the various terms are defined.

2. EQUIVALENT OUTPUT NOISE TEMFERATURE. 1f the quantity of inter-
est is the 'cotal noise output of the network, it is desirable to be able
to express this quantity as simply as possible, In order to do this the
"equivalent output noise temperature” is used, Then the total output

mise power is given by

N, = Tqu (3.22)
where
T = the eguivelent output noise temperature.

€y
It was shown earlier that the total cutput noise power of the net-

work can also te evaluated by using noise “actor. For any source temper-

ature the total output noise is given by

=
1}
&l
e
3
-
Xt
[AM]
(W]
—




or

N = F kP BG (3.24

0 st\lsB\Jo \3 )
*
Therefore

T = ‘i‘- T .25

eq op'LOG‘" (3 )

{For any TS)
Toq = FsTe% (3.26)

for any source temperature,

£ the source is at the standard temperature, then the standard

noise factor may also be used.
T =FT¢ (For T, = ro} (3.27)

The physical significance of the equivalent output noise temperature
is that the entire noise power output of the network can be visualized
as coming from a resistive component aui the gutput which is at the temper-
ature Teq' See Fig. 3.5. Note that even though the source is at Ts the
input noise power is assumed to be zero and the entire output noise power
comes from the resistor at the temperature Teq'

The use of the equivalent output noise temperature permits the use
of very simple expressions when examining the total noise power output at
vne cutput terminals.

This temperature is also called the "effective noise temperature"
vy Davenport and Root9 and care should be taken not to confuse it with
another term to be defined later,

3.  NU1SE 1EMPERATURE RATIO. It is easier to perform calculations
with small numbers. Therefore, if the equivalent output noise temperature
is very large, it can be normalized by dividing it by the standard tem-
perature. It is then poszsible to express the total noise output of the

network, using the "noise temperature ratio", to

Ny = kt.rTOB {3.28)

5!

* -
SBince Fgp and Fg are both functions of the source temperature, T,
will also vary with Tg to take intc consideration the variation. in thé

amount of ampiified input noise.




iDEAL NOISELESS

T, HETWORK ’_+_ 5285 &
N =xT 8
_ 0% Tgq
} Go:BiT ys

N‘=O
(ASSUMED)

h

TEMPERATURE =T,

FIG. 3.5. Equivalent block diagram illustrating the physical
significance of the equivalent output noise
temperature Teq

Therefore, from Eqs. (3.25) and (3.26) it can be seen that for any

source temperature,

t, = Fopuo (3.29)
or _ Ts {ror any *s)
b = Fg ( %_ ) G0 (3.30)
0

Only for the source at the standard temperature does

= F =T ) 3
tr F GO (For Ts To) 3.31)

The requirement that TS = Tb is usually assumed when the noise tem-
perature ratio ic defined, but only rarely is this condition specified.
Using this assumption, then, and the expression for the noise temperature
ratio in terms of the standard noise factor, the most common use of the
ratio will bo illustrated.

A common configuration of radar receivers is a crystal mixer followed
by an intermediate~-frequency amplifier. The standard noise factor of the

combination of two cascaded networks will be shown later to be

12- %1% ¢

)
147
(%]
1




Then the slandard noise factor of the crystal mixer/i-f amplifier com-

binaticon could be
or
where
Fip =
M-IF
G. =
Oy
IM =
+ =
o

Historicelly,
the performance of

given by
tr + FIF i
F = = (3.33)
M-IF

%

M
Fyogp = Lylt, +Fp - 1) (3.3

o
"standard" noise factor of the i-f amplifier,

"standard" noise factor of the crystal i-f amplifier
combination,

maximum available conversicn gain of the erystal
mixer,

conversion loss of the crystal mixer (1¢G )s
1

noise temperature ratio of the crystal.

the use of the noise temperature ratio to describe

a crystal mixer was probably the first use of any

noise temperature. This term was used very often in early radar vork,
d Van VYoorhis  refers to it simply as the "crysial temperature ratiﬂ"
1 . 5
Ginzto called it the "ecrystal noise temperature”, and Pritchard”>

referred to it as

the "mixer noise ratio”.

It would be possible to illuptrate the physical significance of the

noise temperature
exactly similar to
would be t+ T.. It
ro
noise generator, u
The noise tem,
noise temperature”
L. EFFECTIVE

ratic in general by drawing an eguivalent block diagram
Fig. 3.5 except that the temperature of the resistor
is also possible to describe the ocutput of an excess

sing the noise temperature ratio. 3See Fig, 3.6.

perature ratio is alsp referred tc as the "relative
by Davenport and Roct.9
*
INPUT NCISE TEMPERATURE. In the field of radio

Tiis Term is

-

defined in an IRE standara. This use of this term

is becoming more common and will perhaps bte the most imporiant "ifcmper-

iture"” In the futu

re.

'

o
[#)8
'
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TDEAL NO'SELESS
T NETWORK ) $42605,
—“——’_.Y-ﬂ-——'
G5+ By Taus ! az% 158G ¢
————] T.7.~6_T_.)k8B
N _KT_B R0 oS

EXCESS-NOISE
GENERATOR

(TNTQ-GOTS)KB

FIG. 3.6. Equivalent block diagram iilustrating the use of the
noise temperature ratio te.

astronomy one item of pri=e importance is the ability of the receiving
equipment to detect a cha . in the apparent “temperature" of the source.
For this reason, the additional noise added by the network is often re-
ferred back to the input terminals by the use of the "effective input

*
nolse temperature",

Toval output noise | _[Amplified input] + fExcess noise poueﬂ (2.1}

| power of network |~ noise pover { added by network _l‘

[N - P T 3 =] [
¥y = msnGO + kTef{.EE‘o (3.35)
N
. 4 0 g 13,363
eff ~ KBG "3 A
&}

*
Since it is easier io compute with small numbers it may be desired
to normalic2 this temperature as below:

T
¢ & eff
eff = "
0
where Teff = "effective input noise temperature ratio".




Y

In somewhat the same way that the "equivalent output noise temper-
ature” describes the total output hoise referred to the cutput terminsls,
the "effective input noise temperature", as defined above, describes the
noise ggggg by the network referred to the input terminals.

This term is very useful when examining the excess network ncise
referred o the input terminals and results in very simple expression
when so used,

The piysicel significance of this "noise temperature” is best illus-
trated by a series of three block diagrams in which the excess noise is
first transformed to the input and thern the two noise sources are com-
bined so that tae nefwork effectively sees one cource at an apparent
temperature equal to the "source temperature” 3lus the "effective inpur
noise temperature". See Fig. 3.7.

From these block diagrams it can be seen that the “effective input
noise temperature” is alsec useful for desling with problems where the
source is at some temperature other than the standard.

The complete title for this temperature has not been in use very

long and some of ihe recent literature refers to it as the "effective
1'7
noise tcmperature”, !

Because it refers to noise added by the receiver,
thiz temperatufé is called the "receiver noise temperature” by Pawsey

and Bracewell;?a but in view cf the great nurter of "temperatures” that
are used in referring to rezeiver noise, it appears that this nomenclature
is not specific enough for common use.

5. EXCESS NOISE TEMPERATURE RATIO. Another t«im that is often used
ir describing the noise characteristics of crystals is the "excess noise
temperature ratic". From the definistion of the equivalent output noise
temperature tne following relation holds under all conditions

=y = I 4
xio kiqu H

k)

.37

However,

=]

certain amount of the output noise povwer mercly represents

anplified input noise.

2 =04
2439y

-

{Amplified input noise power} = k‘sBGG

Then a new term can be defined as the "

exeess noise tempersiure

ratio", to SO that
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FIG. 3.7. Series of equivalent block diagrams illustrating the

physical significance of the effective

input noise temperature Tegg-
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where te = &x2ess nolse temperature ratis

referred t5 ti
The

Ny = &T_BG) + Xt .5 (3.39)
o G T

v A J ) (3.40)
ex = -
xTOB iO

—

Tile excess noise temperature

alized mensure of the excess noise gensrated in the Jdevice,
oo meese el g

PRYtE-rited

sutput.
frdakud bl

equivalent block diagram shows that the “excess noise temper-

ature ratio"” simplifiszs the expression for the cutput of the excess

noise generator.

See Fig, 3.8.

There have not been any other names encountersd for this ter-.

FIG. 1.8.

Equivelent block diagram illustrati

iDEAL NOISELESS
NETWORK 5426,5,
: -+ —»
6,0 B. T,,, i No=rT, BG,4
_ KT T,B

o

EXCESS-NG:SE
GENERATOR

ng the use of the
excess noise temperature ratio tox-
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D. SUMMARY ON NOISE FACTORS AND NOISE TEMFERATURES

1. ZINTRODUCTION. The use of the meny "noise temperatures” to des-

TR
cribe virtually the same thing may seem quite unnecessarily confusing.

=
5

is is certainly true; however, different “temperatures" have been
acceptzed for use in different types of networks; and the purpose of this
section hes beeu to show how the various quantities are defined, and their

hysical significance. ©Now all that remains to be done is to show the
eguivalence of one *erm to another.

For any given scurce temperature the total ou'put nolse power is

ixed, and under sll cmditions of source temperature the excess nolise
power added by the network is spprowimoicly the samwe,. Using thesc two
facts, it is possiblc to derive the eguations relating one descriptive
term to another. These conversion equations are all given in Table III-1.
Table III-2 gives expressions for certain properties of the nolse

in terms of the different "temperatures”. Although it was not mentioned
spexifically in this section, noise power density has certainly been
impliied in all the expressions for power, since each of these contained
the noise bandwidth of the network. It is coften easier to consider the
power density instead of the totzl power, as will be seen in some of the
later work. In fuct the use of ihe power density for the noise, instead
of the iotal power, is ofven the only way that certain problems can be
solved. The second fable considers not only power but slsc power density.
After examining the forms of the expressions in the second table, it
is easy to see why the various me:ihods of calculating and referring to
5 partirularly interestied in one technigue

i
of exomining noise, vWhether it be toral power or paver density, end referrcd

* for describing

2. TABLES. Given the following characierigii
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TABLE III-2(a). GENERAL NOISE FORMULAS

{Network totzl} [.Aspiified Y f Excess noise

k nolosuetpguo:er ) . \mp;;':::_x se} * (&y?ot';xeer naedtieoik)
8, = WTPG, + {F -1) KT,BG,
So = “TSBGO * (;s - 1 k's"'é

© N, - K56, o (FopT, - T,) ki,

e = KTBG, + k(T - Gi,) B
%, s KT,BG, . k(t,T, - G,T,) B
X, = kT,BG, + kT ;¢BG,
!‘-’5 = “TSSGQ + k tE!TOB
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2, OPHER POSSIBLE NOISE TEMPERATURES-AND NOISE FACTORS.

a. HNoisé temperatures. After reading this section; theé :engin=

temperatures”: any that have not beén covered here. A little reflection
on thé subject will prove this a¢t to be Lhe case, The [our temperatures
vhich were discusséd abové are only those that have béén found in dommon
use. There are others possible; but théir use, if afy, is nov sufficiently
common t6 warrant going into great detail in their description. FuFther-
more, if any fiew terms are encountered, the engineer should be able; with
the aid of the material in this section, to derivé the physical signifis
¢ancé of each “teiperature” oA his orn.

 In addition to other possible noise factors, there are eight possible
noise ieﬁpéfé%ures.* Thé quantity of intefest may bé eithér the total

network output noisé or the exceds noise added by the network. It:may

be desired 16 Fefer the gquantity of interest to éitheér thé input or the
dutput, and finally it may be advantageous to usé either an absolute.
temperature in degrees Kelvih or a temperature ratio normalizéd by the
standard temperature, 200°K. In all calculations préécding, tha fimal
one to compute---iLiié ovérsall system ssnsitivity; thé quantity of inters
est=--is nér. 111y the nétwark excéss noise; and whether it is referred
to the output or the input i§ largely a matier of choice, although for
working with nétworks in cascade it is simpler to refer it to the ifput:.
The choice of using ah absolute température or a ratio is usualiy made
so that thée resulting numbers of intérest are small ahd as néar unity as
10% 1t would bé better to use the absolite
température than thé ratio t = 003448,

possible. For example; if T

Tablé ITI=3 gives all eight possible noise témperaturés. Thoseé
covéred in the text éarlier are outlined in heavy borders. As was men-
tionea above, four of thé temperatures in the chart are not in commion use
and the symbdls and titles aFe thosé of this author.

*Ihéfé might be twelve different temperatures possible, if those
reférring to total systelm noise are defined separately for standard iem=
Perature sources and other temperaturc sources. Those témperatures re=
ferring to excess noise are not a function of the source temperature,
Having different definitions for t, and %rs, for example, appears unneces-
sarily comblicated.
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b. Hoise factdrs. The only difference among the threé noise
factors given abovp is the reference temperature uséd in caléulating tke
total noise output of the network. There are, in fact; only two vasically
different noise factors, for the "standard noise factor” is a special
éase of both thé "effective noise factor" and the "operating noise factor®
for Ts = T,. ALl of the noisé faciors ziven may be classed as teriis re=
ferred to the network input, since he network gain, GO’ must be included
in the éXpressions for the nétwork output noise.

There are several variations 6f theé noiseé factors that are possible,
reférring them to sithef thé output or the input, Or considering only
the excess noise added by the network; tut the complete coverags of all
of thesé variations by the noisé temperatures precludés the need for in-
creasing the fumber of noise factors. The only additichal term that.
might be of value iz an excess "standard" noise factor that considers

only the network & c ss noise;
=(F-1) (3:41)
3 -
where F = excéss noise factor.
The usefiilncas of this térm can be illustratéd by éxamining thé ex-
pression for the over-all syStem noise factor of 6 networks in cascade.

Using the présently available notatién this is given by the following

equation:
P S o et i S A s B )
Fl-6 = Fl + + == + - + + =
G G G G, G, G G.G,G. G G G G G
Ol 0, 02 010, 03 0y O2 03 0y, 0 0, 3 9,0 5
(3.42)

L iaiia . . * ‘
If the modified stancard noise factor, F , were used, the expression

would be much simpler:

* »* * * *
F, F Fy, F. 56
Fl*é = Fl b —— = 3 + —— —— — =
- G Gy G G.G. G s G G, G, 6.6 G G G
{ _ { Q.
O 0,0, 00,0, 00,050, 0,0,0,0,04
(3.43)
= 39 -




or
_* ¥ ~ - 5 = P
F15=Fl+:-":—’-+ S S e =D "fé "*j
- - G- C 3 o
%. C0.%, %.%.%. %.%.%% %% %

i1 1 % 1 % Y3 1 9 959 12340’

(3:hk)
The "averdge excess noise factor" would be the same as the "efféctive
input noise tefperature ratio". Hote that i all tases

4w

- - .

F o= ==tf (3.45)
0 (For any 'E'é)

? i {3.56)

£ F Verr \oe

E. SOURCE TEMPERATURES

1. HNOISE 30URCE mmgé.% Thus far the "noisé températires"
considéred have been definéd by éxamining the network total output noise
power, or that part of it added by the nétwork., Somewhat analogous
techhiques can bé wsed o examine the input Adise power obtained from a
noise source. These "températures" are of interést when using noise
soufces to measure the noise performance of ﬁétworks.sa The def'initions
for several of the uséful témms will be given below; howéver, no fufther

use of these "températures™ will be made in this study.

T. 8 Noise source discharge temperature
=
I% - 8 Evcess noise temperature of the nolse source

Relative noise temperature ratio of the noise
source

S? o™ o3
ng>

Relative excess noise temperature ratio of the
T noise source

—
/2]

(&)

N
[1[»3

= ho -

o

i st

=




. (ﬁ;/Tb) is also egual to the ratio of the power pér cycle, avail-
gble from the noise source, tc that availszble from a scurce at thé stan=
dard temperature, Ty
2. SIGNAL SOURCE TEMPERATURE - ANTENNAS. Although the apparent
noise temperature of the source that is connsctsd to thé network éaes

not describe any of the properties 6f the network itself, it is cértainly

of great importance in mdking any calculations iavolvifig svétem ncise.

Normally, the Source is considered as being at the samé ambiént temper=

sture as the eguirment, which is often assumed to be the standard tem=-
pérature 490 K. TIf taé source is
ma;

wma pointéd at the sky, as it

y well be in a radar receiving system; tﬁe température of the source

Will pfébsbiy diffef quite greatly from thé standard témper: *“c.g

. ) T o e L
: An antenra system cah be descriBed by an equivaleéat eircéuit™ as in
’ Fig. 3:9: The réactive componént of the antenna impedance ¥ill nst have

any effect on the noise powéer availsble to the receiver, but the tWo

registive components will. The ohmic resistandc will Ye at thé ambient
- temperature of the eguipméent and will contribute an amdunt of noise
pover based on this tempefature; hovever, the "temperatire" of the
radiation resistance will be determingd by the "iemperature" &t th
objects at which the beam of the antenna is directed. In all likelihood i
the ohmic resistance will bé very small compared with the radiation f
resistance, s6 that the antenna will Zenerate litile thérmal-=noise Power: :

Thé primary problem is determining the equivalent temperaturé of the

radiation resistance. It is nofmally necessary to obtain this temper-
ature experimentally for the various frequencies of intgrest and the
directions in which the antenna béam will be aimed. It can u& dofifad
Uy an iuniegral equation; however, this equation has lititle application
in finding actual values for thie eguivalent antenns tcmperature. "It
should be noted that a radialion resistance is not a real resistance,
and thus introduces no noise into the receiver except to the extent that
it absorbs noise radiaticn from its surroundings.” 8

Thnere are several methods thai mighi be used in making noise cal-
culations with a sourse temperature other than tvhe stendard. One such
method was illustrated in ihe préceding section, using the effective

input noise temperaturs of the neiwork. GSes Fig. 3.7. Another method
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Raas R OHMIE — =
¢ .
S1GNAL RECE:VER
FiG. '3.9. Eduivalent circuit of an antenfia with losses.

The external hoise factor is defined so that it is eoqual to unity

whenr the average noize pover defisity available from the anteénna is the

same as that availablé from a résistancé at the standard temperature.

Y,
H

= (EN)kT, watts/cycle 3.47)

I

tx

N

external noisé factor.

Some works refer only to the equivalent temperature of the antenna

resistance, ?A' In that case,
= TA -
(EF) = 2 (3.18)
!‘;1
Y
where Tq £ eyuivalent noiss temperature of the antenna.
The value of (§§§ is frequency dependent ané some eguations giving

L

values ror it ore presented uy Norton and Oﬁﬁwerg.S For more up-to=dute
inférmation on the temperature seen by an antenna pointed at the sky che
reader is referred to the literature on radio astronomy, whichk zontalng
extensive stuéiss of this factor.

Referring to the section on noise source temperatures, it
seen that %}

noise temporature ¢f the source”.
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The most complicaied situaiion that might exist is tc calculate the
external noise factor of an antenna fof which theé ohmic resistance is
negligible, and t

standard or the

not
hé antenna is at some ambiént témperature other than the
ecuivalent iemperatureé of the radiation rcsistance.
Assume that the antenna nh2s a radiation éfficiency of v; for every unit
cf power supplied to the terminals, v is radiated and {1l-y) is dissipated
in the ohmic resistance as losses: Tren

_ ¥t o+ ()T
(EF) = e = """ raa (3.49)
T

IR

o B B

“
=5
Lt‘q
f
b
"

;éﬁb = temperature of the ohmic resistance.

T g = temperature "seen" by radiation resistance
v = antanna radiation efficiency.
Similariy,
T, = Ylag * {1 - T)T;mb (3.50)
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NOISE IN DESSIVE METWORKR -

Thus far; only the problems of noise in active linear networks and :

noise in anténna sysiéms haVe been considered. Aiteniion will now ke

o 10

turned to passive linear networks, for example, an r=f tuned eircuit, an

atténuator r#, or & transmission system of Waveguide or scmé other :

material, Katworks &f this type aré characterized by a gain {always less
than one) and a bandwidth. See Fig. k.1
In a manner analogous fo the case of an anténna with a radization
resistance and an ohmilc resistance, each &t a different "température®, )
the Situation often cecdurs in which = passive network is at Sne temper- 7

=~

ature and its source at another. In Loth cases the quantity of interest

is ilie apparent or equivalent temperature st the output termizals, and it {
ic fotd thet very similar results apply, although thie physiésl czusés :

nt. Consider the situation shown im Fig. 4.2(a), with

Yo
e

both the source and the network at Someé tchpérature T,. With the entire
system at th€ some temperature, the noise power output of the network

must ke given by

N, = KI;B. (4.1}

If it is next assumed ihat the temperature of the neiwork is 0°K, there
will Be no coniribution to the noise power output by zny of the resistive
elements in the network. See Fig. 4.2(b). The noisc povwer output will

tien be

x= F 4 - i. 3
I} {due To source on ) = lBGO (k.2)
The guantity of primary interésl is the noise added by the nsivork, and

its value can be found by now assuming the source to be at 0K [Fig. k.2{(c}]s

Thnen the network noise is the difference between the fotal noise znd the

noise due to ithe scurge, or

below. HNote that the source iemperature in this eguztion may be the

: * § & = =% 3 s = 331 =i 3
gguivsliant temperature at ohe output of a prageding neivors.

i 5
- tEEE -
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of the noise factor of a linedr passive

netwark.
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Lt
b

=G ; = £h 5)
ey G§{TS)+(1 GO)(‘Z‘amb) {4 L)

Wy
I

where = equivalsnt outpni noise temperaturs of iié

source and thé netuwsrk combined

w3

egquivalent témperature of the sourcé

el
I

_ = B o o . o Lk
T . = gmbient temperature of the passive network.

fﬂ

The closer the gain of theé network is to umity the nezrer the equiv-

alent ouiput noise femperature &pproaches the source témperatuce: For

this redson the noiSe introducéd by very-16w-10S5 passive neivorks 1

w

often neglectsd completely.

Treating thé noise in a passive neiwork by temperdtutés; as above;

is perfectly acceptable &t 21l times. In fact; this method is peFhaps

thé easisst Wiy to nandis the DrobldE when an antenna Lraishission liné

However, when the passive network is in the
proper, it is inconveniefit i have to dezl with bolh témperaturés and

For that reason; the noiseé factor for the paéssive networl

Frem the expreSsion above the eguivalent outbput noise temperature of

Y = 7w 4 = il
T =GT +{1:6G)% (.4}
= = frdiid
To fonveri any Holse f2mpefaturs ints zh ogiivaleht noise pover

bt !
+
e
Iy
oud
W
L]
T
o
.
S
it

fietWork is nét the same for
untered. A gosd example o
w% & redused temper-
This proble=

e

L&
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Referring to Teblés III-2{a) and (¢} in ii= preceding scction, it

%
H
can Ye seen that this éxpression is nov in the form of an éguaticn for

noéise power densities.

I 7 r 5
Total output noise Ampl;fi & input Net¥ork excess noise L :
pover density = noise powe #| power density referred-| (46}
density - io the output = )

Apain referring to Table Izisé{c), the 145t ter@l can bte cofiertéd to the

form using the standard noise factdr, and the following is Sbtained:

E(1=6 Nid b = = (F - 1) 6o (475
. (-6 T B
H - i i -
(F = 1) = 0 . 2D (4.8}
] e ;
(1-6) T_, :
- — [ g F &E = t A’i
F = = + 1 43
( P — ) (4:9)
: 0 ) -

When the ombient témperatire of the network is egual t6 the Standard

temperature, which is often an assumed ccndition; the above expression is

wivhm

gre:rtly siﬁﬁlif

= s _ -
F = - = &;1& -
& or T, =T, (4:10) -
or
F=1L (k.13 .
Therefore, two conditioné must combine to make it possible to negléét

I

the noise added by a passive network in e syste. The first of tkese iS
that the ambient témperature of the network musi be equal t6 the $fandard
température; and the sefond 1§ that the maximum availsble pover gein -
must be very closé to uaity. For 1dssy néiworks or unusual ambient tem=

peratures it will be nedessary to consider the &xcess noise added by the

passive network. The vary low valuss of fhe sffective input noise tem-

perature now possible with maser amplifier5 reguire that noise in all.

: lossy networks preceding the mBser U& considered if the corréct value is

to be obtained for the sysiem noise Factor.

1
e
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V. DESCRIBING ROISE IN CASCADED HETHORKS :

£. INTRODUCTION

n ord&F to falculate ke ovar-azll systds noise fafior, it i3

essentisl 16 be able to derive thé effective noise factor for several i

Ynoisy™ linéar networks that are donneéfed in series as; for &kampie,
in a supsrheterodyne receiver. Theé tesbnigqué for doing this will be

eveloped f6F tve fstworks, snd then it will be shown how LIS sase

technique ¢&% be exténdéd to any numbeTr-of ciscadad netirks:

to Gse the -

o

ing The &xXeessang

i ¢

oo

nition of the noisé factor; "ratio 6f actual

éis.,:gui noise 'pow’f* $o-=zamplified===theéTeal ’-;*éise of the gourée”, the

5% thé cascaded foise factor are tade, assuming

& source at the standard teEDérature, szd tHeh the cversall isise fEoior -

i w et 4

is modified if necessary.

AL NO LESS }'_
—_— NETWORK #2 — £

E¥CESS=RNOISE EXCESS-NJiSE

_ GENERATOR #z

1601 (Fy-11xT,8285,

FIG. 5.1. Equivalent block diagram of two noisy nétworks in
cascade; bolh using the FF.
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. . ) F
= / F1Sopelondf + [(Fp - )Go§2§
Fl;é = (5'13)
fG__ .G, af
© Top2 Oi
wrere
= ratin in &f netw 04
Gop2 operating gain ¢f network No: 2
G, = available gain of network No. 1
1

Freeman further states that if the center frequencies of the two

networks are the Same, and B, < Bl’ then:
F,o-1
= 2
F =F + <

1.2 1 o

0

(5:14)

where F, = spot noise factor of network No. 1, évaluated at the center
frequédcy.,
If both networks have constent gain over their bandwidths and B;

= B,., then:
2

(5:15)

The differences between results obtained using Eqs. (5.13) and (5.15)
are normally not significant.

If the noise factor for a cascadé of networks is given,

Fl-n

and the effective bandwidth of tne system is known,

(B_pp)
eff 1-n

the total noise power in the output will be given by Lhe foliowing ex-

pression:

(5.16)




[4
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‘C. USING THE NOISE TEMPERATURE RATIO

As was shown in & préceding section, thére are four common methods
for describing the noise pdwer output of the excess-noise generator.
considering only two networks in cascade, there are 16 possible
ways to combine these variocus methods. In practice, few of thesé combin-
ations uare éver &ncountered: however, a combination that is of interest;
since it represents a common situation; is a nétwork using the noise tem- ?
perature ratio £6llowed by one usSing thé standard noise factér.
Fig. 5.2,

See

In this case, the nolse powér outbut ¢f network No. 1 is given by

N

o, = Kb TB; (5.17)
"L 1
and that of netvork No. 2 is
N, =%kt TBG + (F. -1)kT.B.G. (5.18)
Oé ry 02 09 2 o2 02
With the samé comfents relative to B,, B,, and B s here as given
~= £ 4
abové; the dombinéd noisé factor is
t 4+ F = 1
= ry 2 ,
R (5.19)
-
G
1
IDEAL NOISELESS m NOISELESS .
NETWORK #1 - NETWORK #2 SICC. (3612
GO!‘ Bl‘ fxus S0z B2r Taus +_+ H
(No)z :

EXCZSS-NOISE
GENERATOR #1

(Tqy8g)xT,8,

EXCESS-NOISE ]
GENERATOR #2 . l

{Fa-1)1KkT4B,G0,

FIG.

cascade, one using t, ind one using F.

~a

Equivalent block diagram of two noisy networks in

= 52 .




D. USING THE EFFECTIVE INPUT NOISE TEMPERATURE

A quantity that is extreémely useful and convenient to work with is
the erfectivé input noise temperature of the over-all system. Knowing
Teff £or each network permits a direct computation of ihé over-all éfféc-
tive input noise icmpérature by a very simple formula,

Although there aré several equally acceptabls methods that might Be

used to derive an expression for Tefr, s the easiest oné to use here

starts with the équations already given for the standard noise factor &f
a cascaded network.
From Eq. { ) above
_= ‘%—2;9 (2 AAT
g =y v =S {5.20)
0

Usinig the substitution given in Table III-1, the noise factors can
be converted to effective input noise temperatures.
‘? - 1V = . 5,21
\ l‘-'-o Teff (5 21)

Then +he expression for the cascaded effective input noise temper=
ature is simply

T;ffa o
T = T, + = 5.22)
effl-."_) Effl & (
0

Starting with the expresSion for the general system noise factor

- (F -1) (fé-l) ( 7
Fl-n = Fl + Go + Go GG + oessx + N G
1 172 0 {n-1)

- %
(5.23)

the expression for the over-all system effective input noise temperature

can be obtained:

m
Cefr, Tere, T:ffn
T = — - e = m—— - 02}
eff, _ leffl * 5, + &, G, * * 8, Gy ~++0p (5.2%)
- 1 1 V2 1 9% (d-1)

o
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E. RNOTE oF Bl < 32 -

(4]

nolse power output of network No. 1 is

o8
I
i

Hol FlkTOBlu o . (5:25)

The noise power outpui of nelwork Nos 2 is

N = -i=*- Ne n (; - 3um. s
No. Fl OBB_GO Goo + \F2 1,a;03260i (5:26)
2 12 2
Then, = .mb A = 3 A
FxrBG &+ (F, - L)KT.B.G
0170, 0 2 020,
Fl_é = = /i; l}fa’g'c"””f — 2 (5.27)
T8 . &y
O eff Cl >
. B (F,-1) , B o
F, ,=F ( ,1:) + =B ( ja') (5.28)
12 "1lyg _ G B
aff 2, aff -

In cases such as these, where B, < :—’32, thére will usually bé a

ihird network with B, < B, So that the noise power output of network Ho.
3is -
N = FKT.B G.G:G. +(F.-1)kT.B.G. G+ (F -1)kT.B.G. (5.28)
_ 2
0, ~ "17073700,0,7 2 0°370,70," '3 0°3°05
Then, . (R (R
F, =F +=5= = 5.30]
Fi3=h Gy 56, (5.30)
1 1 Y3

1f such is not the case and all the networks following No. 1 have
bandwidths grester than No. 1, the simplest spproach to the problem is a
solution similar to that used in Appendix C where the graphical repre-
sentation of the bandwidths makes the calculations straight forward.
Since the noise povwer density will not be constant, the output tang must -
be divided into segments and then recombined after the noise pover ih

cach segment has been calculated.
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PART THREE --- SYSTEM SENSITIVITY

Vi. GENERAL CLASSIFICATION OF RECEIVER
AND DETECTION SYSTEMS

The procedure used to calculaie the over-all senzitivity af a
receiving system can be divided into two parts, The first of these is
the determination of the magnitudes of the fioisc power associated with
the pre=detection and post-detection portions of the system, cofisidéred
separately. The sécond part 6f the calculation combines thé pre=
detéction and Post-detection noisé &4 an appropriate point; the input
to the detectof; and detéimifies the minimun detectablé signal.

During the first phase of the calcilations, all Feceiver systéis

separate into two natural groups:

1. The simple detector réceivers (e.g:; a simplé crystal-video

receiver}:
2. Receiver with linear amplification of t¥e signal Preceding the
detecior {e.g.; a crystal-video receiver with y=f preamplification, &

Superheterodyne receéiver; or & tif receiver):

The only differences among the methods of calculation required for
different types of redéivers within each group are occéasioned by the-
possible difficulty involved with "image chahnel" noise in the supers
heterddyne receiver:

For the sacond phasé,the calculation of the hinimum detectable
signal, the previous classification of the system is ignored ané it how
falies into one of three categories:

1. Pre-detecticn and post-detection noise contributions are com-
parable, and both must be considered.

2. Pr:o-detectidn noise is much greater than post<detection noise,
and post-detecticn noise may be ignored.

3. Post-detection noise is much greater than pre-detection nolse,
and pre-detection noise may be ignored.

Different technigues are required To cGetermine the system sensitivity,
d2pending upon which of the three above categories describe the system

noise performance,




In Pzrt Three of this report the hature of the calculations neééssary
to determine the system sermsitivity will be explained by the use of gen-
eral examplés covering the crystal-video receiver with and without r-f
preamplification, and ihe superhéterodyne recéiver. In the calculation
to determine the minifhwum detectable signal it is assumed that the detector
can be described by & square-law characteristic. THiS assumption is

valid for nearly all detectors in their small-<signzl region.




VII. 'HE SIMPLE DETECTOR - THE CRYSTAL-VIDEO RECEIVER

A. LIRTRODUCTION

The simple detector receiver may take many foims from the irom=
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oxide rectifie
plex traveling-wave-tube delectér. Perhaps one of the mos:t familiar

nis type of receiver is the crystal-video microwave receiver

t
using a specizlly designed detector crystal followed by a video amplifier
bandwidth suitable for pulse rebroduction.

2 simple érysiél;viﬁéc réceiver consists of 2 crystal detector

e video amplifier. R=f selectivity can be provided :

suitc ahead &f the detestor, and the
system might be as shodn in Fig. 7.1{a). This system would be satisfactory

for receiving puised signals by detecting the video combonents of tﬁe

spectruz of these signals in the ¢ry: isl defector. The detector has been
tic

Y
“

labeled a squere-lav device, since it follows a sSquare=law characiéFis
at small-signal ievelé, and the shall-signal region is of primary inter-
: gst, If i
signals also, one method that can be used is to infroduce a modulator

is dssired to use this sysiem for the detection of c-w

o

precading the deitector s0 that video components will be present in the
detector input signal when 2 c-v signal is received. See Fig. T;i{%}.
As will be seen later, the use of an r=f preseiector will not no
mally improve the SEﬁgitiviiy 6f this type of receiver, since the noise
lavel is set by the crysial detecfor. Although the presence of an r-f :
¥ b

preselector narrows the r-f bandwidih and, hence, reduces the input :
noice power from the Source, the excess nolse of present crystal detec- :

tors is usually predominant. :

B. NOISE FIGURE AND EFFECTIVE BANDWIDTH
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ignal power necessiry tS equal the detactor- :

amplificr excess nolse powar, rererred to the imput of the detector.

The e€guivalent iiputl noise power of the detector-amplifier is spéecified
as S?. Therefore; if the input signal has a pover egual %o the value of
sy, the system output signzl-to-noise ratioc will be unity. Within certain

1limits it is possible 16 cnlculate the sensitivity of 2 partisular
detector-amplifier combination for some video bandwidth other than that
used for the tesi measurements, (See Appendix A;)
Another term that does not have any signififance for this particular
network element is the “system effective bandwidih”. In the simpis

erystal-vidso redeiver the only "pré-detector noise" will be the small

amouni attributed toc the source and to the r-f preseledior. The post-

detection noise génerated in the c¢rystal detector and the vidéo-amplifier
=

& i3 * = - - - 2,
to mention that for any iype of sysism
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To make the chosen approach as general

both major classes of receivess, the simple

a
ennta and trsesmission line

been itrea

what unusual,

and techniques.

as possitle, and similar fof

grystal-vidso

ystem may bé
combination of ideal devices and excess-noiSe gener=

as they have

From the ueasurements of the detector/video-amplifier sensitivity,

¢ombination, reférrcd to the detedtor input.

sfiviseé generator at the detector input.

This

Also shown

= total excess-noize power of this

shown 83 an &xcess-

‘i b




used only to specify the <otal noise power output of the linear system -
at the inpul terminals of the detector. The exict value of 3‘fP is not
-

of interest, since it is never usced in the caliculation of the senSitivity

of the simple crystzl-video system.

L R L L vt

D. LIMITATIONS CN SENSITIVITY

As vas zentioned earlier, it will be found that the sensitivity of
this system will be set by the detector-amplifier noise for all Dresent=

day crystal detectors. Upen closer éxamination it is found tha

: present state of the art, the noise contributions of the crystal and that
§ of the video amplifier .ce typizally of thHe coms orded of magnitude.
This means that an effort to izprove the sénsitivity by any great amount

will reguire improvement of both combonents.
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VIII. RECEIVERS WITH LINFAR AMPLIFICATION PRECEDING “#E DETECTOR

A, INTROGUCTION

The sezcxd géneral class of receivers includés those nhat nave active
inear netvorxs, preceding the detecfor, that amplify the incoming signal
as well as amplify input noise from the source and introduve excess holss
themselves, There are many exasples of this Type of system as well as
numerous variations of each. Ix this seciion only two specific exaliples

will be considered: the erystal=video system with r<f presmplification,

2nd the sSuperheterodyne syster.
The techRigués 1s8ding o the desired intermediaté result; the foise

pover defisity of the linear system output; sre alidost idéntical for the
two exarples chosén, and for any system thet falls intd this broad class:
Thefe are Several difficulties that Gay ’é"rise; such as the image response

of the superheterédyne receiver; that are peculia¢ to & given configur-
ation; hovever, it will be Possibie io mention only a few of these.

B. CRYSTAL-VIDEOQ RECEIVER WiTH R-F PREAMPLIFICATION

the simple crystal-video receiver, to infreaZe the sysiem Scus
amplifyifig the incoming signal. OF course, ihe use of a preawplifieér
will also introduSe e¥dess nolse which will set @ limit on the ultizate
gsentitivity that ¢an be cbizined. There are iwo partizular configurations
of the crystal-video Syste= with préamplification that are of great
interest in this study. The first of thess is merely = fixed-freguency
r-f preaiplifier that hés 2 wide acceptence band; permitting the moRhitor=
freguency resolution within the

erest is n receiver using sz marrov-

Thiz is knowa as the "swespingsfiltér réceiver
comzon funed-radio-fraguensy razeiver.
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sa=¢ point.
advantage, from the point of
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créases in preamplifier gain.
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preselector have the same bandwidth or that the bandwidth of the pre-
selector is less, and it is this smaller value that determines the r-f
bandwidth. The latter situation is that encountered in wideband traveling-
wave-tube preamplifiers.

The noise figure representation of the excess-noise generators is
shown in Fig, 8.3(a}, and in Fig. 3.3{%) the excessc-noise generator
associated with cthe mixer has its power output specified, using the noise
temperature ratio of the mixer.

The over-all linear system noise figure is given by the expression

L (F, - 1) (F..-1)
Fo=F,+ Sy I (8.2)
L PS G C G

ons ops OM

where T = effective over-all noise factor of the lin. * system.

e

Using the noise temperature ratic as illustrated in Fig. 8.2(b),
the system noise factor is now
+F _-1-6G

t
_ - i 1] .
F.=F__+ rhi = oM (8.3)

G
Gops oM

or, using the more common conversion loss of the mixer,

1
by = 6, -+
the system noise factor now becames:
T Y P _f_)
FL = FPS 4 \t!'M + FEF 1 (8.5)

b. The superheterodyne receiver with r-f preamplification.

The equivalent block diagrams, with noise figures, are shown in Fig. 8.k,
Now the linear system noise factor is changed b; adding the preamplifier

noise factor:

"n
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o |
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USING NOISE FACTORS 3 EXCEPT FOR THE MIXER,
WHICH USES THE NOISE TEMPERATURE RATIO Tp.

Equivalent block diagrams of the linear predetection

portion of a superheterodyne receiver without r-f

sreampli fication.
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T o o
Fp = Fpy : (8.6)
opA
where FFS IF = = the noise factor of the preselector/mixer i-f amplifier

combinstion as calculated above when no presmplification was con

D.

IMPORTANT CHARAGTERISTICS

on
U

T T

THE LINEAR SYSTEM

=2

53¢

dered;

One of the two -haracteristics of the linesr portion of the retelver

system that will be essential to determining the system sensitivity,

namely the linear system noise factor, has now been determined.

value of

dual stages as well as

situations

(525

of the supprhsf?

this parameter is obtaine

suci: as high

their gains.

The

from the noise factors of the indivi-

It should be obvious that certain

high noize fmctor in the preampl:ifier
actor of ihe linear systenm

The other




importent characteristic has been used in each block diagram, but only
mentioned lightly. This i the effective bandwidth.

The effective bandwidth of the linear system, Blops has been used

£
in each excess-noise gencrator to specify the noise power output of
that device. How to evaluate this bandwidth will be discussed later,
as well as hovw to determine if the linear system effectivé bandwidth is

the same as that of the entire receiver, Beffa

mU
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CALCULATIOY OF SYSTEM SENSITIVITY

A. INTRODUCTION

The key to caleulation of the system sensitivity of the receiver is
the exsmination of 21l noise and signal powers at the input to the
detector. Here there is a logical dividing point in the receiver, with
a linear systiem on one side and a nonlinear system on the other. In
faet, it is impossible to find any other point in the system wnere the
colculation can be made with any degree of facility. The linearssystem
noise cannot be referred to any point in the defector-video amplifier
nor can the detector-amplifier noise be referred back into the linear
system, for the over-cil systom effective bandwidin will not be known

until after the sensitivit, calculstions have been completed.
B. (COMPARISON OF PRE-DETECTCR AND POST-DETECTOR HOISE FOWER DENSITIES
1. INTRODUCTION. Refore it is possible to determine the sensitivity

of the system it must first be determined vhether the detector/video=

amplifisr excess-noise fiower is significant when compared to the linear-

zystem noise power ai the detector input. This is a very simple state-
ment to rfiake; however, it ot be executed guite so easily. The problem

¢can
arises as to what ihe system effective bandawidth is so that the linear-

This prcblem ¢an be gir t calculating the noise
povwer density, at the detector imput, atiributed to the linear system.
Then an approximate noise power density will be determined for that part
of the noise power attribuied to detecior.amplifier excess noise., These
two densities can then be compared, and it will be possible to decide
whether the detector n
2. LINEAR-SYSTEM OUT




Refzrring to the tables app=aring earlier in this repert, it

is seen

tnat the output noise power density, with a source at some temperature

c¢-her than the stendard, is given by the following expression:

FXT G 0.1
s 50 ( )
where = Boltzmann's constant

= source lemperature, %

over-all gain

effective noise factor,

m:tj ! QF’ -:n"'; w
I

The noise factor calculated earliier for the linear system was the
to

nust be oconverted 5 the

< 0, N
noise factor referred the standard temperature, 290C K. Now, this

source temperature reference:

T
F,o=1+(F-1) ;9 {9.2)
s
where F = noise factor referred to the stardard temperature
Ta = standard temperature, 290°K.

Howevar, the source temperature may not be known.

Physically, it
is the apparent temperature presented by the combinatior of the antenna
and the transmission line system at the input terminals to the receiver.
The equivalent temperature of the antenna is discussed at length in
Part Two of this report. All that is necessary is to transform thic
*temparature” through a lossy element, the transmission line system.
There are a number of ways this could be dcn2, but the simplest approach
There is

is <h¢ same technique s that used for the antenna with losses.

transmission line with a gain of GTL’ and it is at the ambient temper-

ature. Then the source temperaturs sesn by the receiver, Ts’ is given
by the following expression:

where T, = sapparent antenna temperature,




Now, all uvhe values necesssry to caleulate the desired noise power

density by ihe formula given below ars known.

{watts/cycle) {5.%)

where D = noise power fcnsi ihe detector input terminals attri-
n

gnsi 4
buted to the linear system output noise

by

rom the receiver input isrminals

G.. = gein of the linear systen
aL = F=3 - w5 2
L= ES
3. DETECTOR/YIDEQ-AMPLIFIER KOISE-POWER DENSITY
a. Introduction. In the discussion of the simple crystels
video system in Section VII it was poirled out that the detector-amplifier
excess noise referred to the detector input is obtained by measuring the
mihimum detestable signzl power at the detector input. This is doné for

a particular crystal, crystal nholder, crysial bias, video amplifier and

cular components under the test conditions, except that the video band-

= 211 range and g new value calculated. {See
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F >
equivalent detcctor noise-povwer density, D_, to compare with ithe linear-

b. Effective bandvidih. As was stateéd earlier, an effective

tandwidih exists for o system only if the noise in the linear system is

the governing factor in the over-all system sensitivity and if it is
e

Eossivle to eompletely neglect the éeiectorﬁviﬁee-amplifier noise.
hlas)
= < = = - iv. _ - ) = i - ~ R
Grigsby 7 has examined this problem at lengih and obizained values for
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Bezause of the "dQuasl nafure” of the third term it might be included as

€ither noise or signel in the signal-to-noise ratio or it may be neglected

sompletely, ziving rise to three expressions for the output signal-to-
noise ratio:

-

) {5 % s)

(

{s xs) + (s xn)

{2}
Y {n x nj
(3) (5 %X S)/ _

(sxn) in x n)

Before proceeding any further with the calculations, it is necessary to
decide which one of these definitieas for the signzl-to-noise ratio will
apply t e particular case under Sonsideration. Once this decision

is made, all remcining work must be consistant with it,

The effective pandwidths for pulse signals for each case, respectively

ars:
5 {c x3) , 2,1/2 _
B ] Boep = (2o - ¥V (9-5)
) (fs x &) + ( , 12 :
(=3 {s x8) + (s xn}] n = {2 2,1/ o z
Ve {n x 0} P Bopp = (BBy0y + 36,370 20y (9.6)
£33 B (s x s} i 2.1/2 fta 7\
i} Fa — ot I = = (&8 3b i z 9.7
bt {s xn} +{n x n;] Beff * Lb? * 3y by MO ES
2 .
where b,, = video tandwidth
b, = linear-system output bandwidth .
In the eguations zbove, the following restrictions apply:
b < 3
2b, < b (9.8
by = 1/{pulse length) (9.9}
Ir
(9.10)

r pulse signais reduce io

then all of the effe

et
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The c-w case is not of &s much interest; however, it is possible

10 ovtain an effzetive bandwidth here zlso.

o

o=}
1}
I,
o
o
[}
o
o~
pY)
.
,-J
T

density. Having chosen the dessired

ratio, and ecalculated the effective

-

to determine an approximate value

for the effective noise-power dénsity attributed to detestor-amplifier

noise,
S}E .
b = = i,;—*l.-';}
= L2
Boge
- How compars the Iwo noise power densities and determine which of {

’ {1} p_ =D: Consider both lingsr system and déteclor noise
{(2) p_ << D: Comsider only linear system roise
{3) I}; >> B: Consider only detector noise.
Us to ithis point, the calculations hove ors

and subtractions; and the use of logarithés uzng decibels would havé only

o

ccmplicsted the problex rather thar simplified it. From here on, Zost

of the operations ontail multiplication or division and the application
of logaritkms will be very useful.

The detector sensitivity, S‘;, is normally given in dbm so the
foilowing expression ozn be used to obiain b in dbm.
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= {1 = . T &+ 1G5 1 o fovoied £{9.1
D= {10 lcgloF -193.56 + 10 log, T+ .;oglousz) (abm/cycie) {9.16]
or, if Beff was in Me
D = {10 log, .F_-138.5 - og, T iog. G {dbm/Mc {9.17}
D = {10 log, F_-138.6 + 10 .‘mglg:.s + 10 '{0510"05 (dbm/Me) £9.17)
C. CALCULATICH OF MINIMN DEIECTABIE SIGHAL

i. REFERERFD TG

strength necessary at the input terminals ¢

minimum-detestablis

it is possible to

DETECTOR INPUT. Following the steps outlined

ned whether or not to tonsider the detegior

aéeurately calculate the signal
& the detector 5o thdt the
¢ met &t the output {ouiput

signal-to=nc.se ratio esual io unie.;;}.

The formu:zas for the three cases are very easy to apply; since
have already been celculated. F!
=~

the values needsd

minimum detectabls sighal referred fo

procedures to follow in each

a. Consider both 13

E

will define

i

tue detector input terminals. The
case zre o5 follows.

inear-system and detector noisé. For tais

¢ase, there is a choice of thre

used ig detsrmine D . imfortunately, logar

£ay risxg}i-{sxn}?; R _
€l {n x n! 17 Tsain”

ee foffwulas depending on which definition

tio at the output of the detecior.
used hare must be the samé as that

ithzms and decibels cannot be
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CEDURE TO CALCULATE SYSTEM SENSITIVITY

]

i ;Ei*:‘:?.i?:‘é ths ncise Factor of the linear system from the receiver

5
g
ot
m
d
M
a
&
i
(7]

deteclor inpul:

LM
ol

2. Using the standara noise factor of the linear systes and the
apparent Zourss %emne‘iure, calculate the effaztive noise factor of the

o

linear systenm

oy
ek
L3
l
'-w

- Using thHe effestive ngs Tattor, detofmine ihe

fad
-

ng fie noize power
deasity due to the linear sysien referred to the detector input:

ideo<amplificr cosbin.

atica; refefred 5 the detsctor inpit, iz é-,%.taiﬁ 3 fro® test data:

—
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B
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[N

aition for the sigaal-to-noise ratio is chosen, and an
equivalent noise-powas cnsity due fo the

gation is calculatsd-

b

ef
spproxizmate value for tha
detecior-amplificr o Sin

s s
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PART FOUR --- SUMMARY

Two main topics have been covered in this report: & wnified des-
cription of the various terms used ioc describe the "noiseness" of a net-
work and a genersl technique for the calculation of system sensitivity.
The coverage of the "noise .mperatures" is believed to be unique in
this field, and is an attempt to bring some semblanze of order into an
extremely contf'using subject. The definition of each noise temperature
giving its physical significance will eneble the systems engineer to
better understand the meaning of each, and the conversion chart and
cther tables presented here will grestly asecict him in their use.

The calculation of the system sensitivity of recelver systems is
presented in such a way that any configuration can be examined using
the same general principles. Tt should be immediately obvious that this
treatment is not confined solely to receiver systems but is equally
applicable to many other signal detection systems, One of the purposes
of this part of the study was to bring together into one reference much
of the material preserntly avallsble only in specialized sources., Whenh-
ever a project such as this is attempted the author is in great danger
of omitting many important topics that should have been included, 1In
this vastly complicated subject this is certainly irie, and this auther
only hwpes that the shortcomings of this study motivate others io complete
more adequalte Lreatments of the subject. Before it is pussible to suggest
simplifications to any procedure presently in use it is essential to
urderstand fully all of the facets of the problem. A work such as this
is only the first step in inis direction.

Part Three of this report on systems sensitivity should certainly
lead to further work oa the subject. However, Part Two on noise terms
is probably complete as it iz; and it might well serve as a signal to
halt furiher work on this topic since the introduction of' more terms can
do little more than further confuse this already chactic phase of

systems analysis.
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PART FIVE =ee APMENDICKS

APPENDIX A. VARIATION OP DETECTOR/VIDEQ-AMPLIFIER
SENSITIVITY WITH VIDEO BANDWIDTH

The detector/video-amplifier sensitivity, Bx’ is s characteristic
that is obtained by direct measurement of the sensi’ivity of a given
dutactor and video amplifier combination. It may be deslinble to obtuln
an estimate of what Sx wlll be for a video bandwidth other than that
uned for the original meaourcment. <This can be done as follow:), assuming
that the same video amplifier is used and only the video bandwidth is
changed (umplifier noisc factor stays the same).

Sx 1u the total excess-noise power of the detector and video
amplifier referred to the detector input,
Ksi is the total excess-noise power referred to the amplifier cut-
put where X is a constant describing the gain characteristic of the
detector and videc amplifier combined.

If it is assumed that this total output noise power is uniformly
distributed over the video passbuud, the noise power density at the out-

put is 1
e
st Fv; (A.l)

whuere bVM = video bandwidth uced in measuring Sx
For a different video bandwidth, bV’ the total noise power at the

output will be

b
2V
(A.2)
* byn
Or referred back to the input, the sensitivity, S;, with the new

video bandwidth, bv, is now S
b
! v
s‘ - S (A'3)
X X JSVM
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Thia relationship moy be used for estimating the nev censitivity,
1t may become inaccurate 1f thero is a very lurge change in the video
bandwidth, for the ansumption of uniformly distributed noise power in
the output may not apply. o
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_ AUPRNDIX B, MINiMUM DETECTABLE SIONAL, CONSIDERING BOTH
DETXCTOR AND ITEAMI'LIFIER NOISE

Following the sume nchnique ao Urigsby and others, !t is possible
Lo detemine the powar requirement for the minimum dotectable signal

- (output. signal-to-noise rutic equal to one) for the case in which the

detector-nmplifior and the linear system nofse povers, referred to the

~detector input, are of the same order of magnitude and both must be

consldored.

The form obtained for the unswer indicates that there might be an
"effective bandwidth" for the system, but this is not true, cince 8x
nlgso nppeurs in the results, und this quantity cannot be expicssed by
the use of any bandwidth,

Concider only the system shown below where S1 and N1 represent the

output of' the linear portion of the oystem.

S, SQUARE-LAW

: CRYSTAL

N, DETECTOR

vVIDEO
AMPLIFIER

The detector/video-amplifier sensitivity, Sx, represents the signal
power required at the input to the detector to obtain an output signal-
to-noise ratio equal to unity when the linear system noise cen be neg-
lected completely. Therefore, Sx repregsents the total excess-noise
power of the detector/video-amplifier combination referred to the detector

input,
Let K be a constant describing the action of the detector and video

amplifier, (This result assumes that b, ™ pulse Tength

(o x o tem) i Sy =K (8)° (8.1)
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The totnl nolise-pover outpul is n combination of the fnpu’ nofge
Nl and the excess nolse ux. The part that can be attributed to the in-
put. nolee la therefore given by the following exprossion:

K(o°(2b b, - bE)] (B.2)

vhere D = noisc-power density of Ni'
When the excess nolse ic added to this the total noise pover at
the output is then

(n xn tem): N, = K(DP(2b b - b2)es] (B.3)

Considering only the (signal) x (signal) term and the (noise) x
(noise) term, the output signal-to-noise ratio is given below:

82
S i
[5’(3] . [b] (B l‘)
a—— -——— g [
nxn| ° 2 2 2
N, D°(2n;b, - bZ) + 87

Setting this equal to one, the minimum detectable signal power re-
ferred to the detector input is given by the following expression:

[?x-f;] PP ‘[De(‘é’b'['bv-bsh si j1/2 (2.5)

Including the [(signal) x (noise)] term results are as below for
pulse signals:

(sxn term) : KhsiD‘av (B.4)

sxs)+(oxn) |, o [p2 2, ,2q1/2 .
[ P ]. P& min (p (Ebva+3bv)OSx] -Qva (B."7)
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oxg 2 2, .2,1/2
[r-i’-r)—“m < m’] tOPL g ® [D7(2b by e3by )48, |7 “42Db, (8.8)

The result, neglecting the [(signal) x (noise)) term, is the geo-
metric mcan of the other two.
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APTENDIX C. EFFECT OF INTERMYDIATE-PREQUENCY
IMAGE BAND ON SYOTEM NOISE FACTCR

In the main body of the report the bandwidths of the stages of the
system ure not considered in detnll as they have little actuul bhearing
on the noise-povwer dencity nt the output. Thu situation to be considered
nov is a case in which the bandwidths do uffect the noise-power donsity
through the contributions of the noise power in the imagu bands of the
{ntermediate frequency.

In the [requency convereien action that takes place in the mixer a
band of frecquoncies of the same bandwidth ao the i-f umplifier is converted
in frequency to the center frequency of the i-f stage. See Flg. C.1(a).
This conversion is acromplished by having the local oscillator generate
8 frequency Lhat differs from the value of the radio-trequency signal by
an amount equal to the i.f center frequency.

Whother the local osclillator frequency is above or belovw that of
the denired r-f band, there is another r-f band, tnhe image band, that
will also be converted to the center frequency of the i-f ammplifier.

The image band will be above or below the local oscillator frequency,
opposite to the desired r-f band and at a distance in frequency equal to
the 1-f center trequency.

If {he r-f pass band provided in the stage immediately preceding
the mixer ia similar to that shown in Fig, C.1(b), then therc is no
problem for there is no excess noise adnitled at the image frequencies
to be converted to the i.f frequency.

If, on the other hund, the r-f uselector pass band is as shown in
Fig. C.l(c), allowance must be made for the extra noise present in the
image band., 8ince nearly all preamplifiers generate widetand excess
noice, there will be noisc power available at the image frequencien
even if an earlier r-f{ selector hus eliminated any signals {n thias band.
The soame comments apply in ganernl sven if there iz no preamplifier.

An cxumple that may point up some of the pitfallis in accurate noine
calculatiors will be given below,

Ascume that the system is as shown in Flg. C.2(n), with the respec-
t{va bandwidtho of the different stages belng shown in Fig. C.2(b). %he

« 8y .
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FIG. C.2. Superheterodyne with image-band acceptance.
entire system ie at the standard temperature, to simplify calculations
on the source and the passive elements, but this requirement is certainly
not. necessary. All bandwidths shown are the noise bandwidths. They
refer to input signal pass bands and the frequency range of the ouput
noise pover due to excess network noise.'

'Thls may be considered to be a very arbitrary restriction, but it
does apply in the majority of cases. It might well not be the case, how-
ever, for something such as a traveling-wave-tube amplifier that does
not include a tuned circult in the output us an integral part of the
stage. As an example of the effect of having noise in the output at the
image frequency, even though thc image was not in the pass band, consider
the first example given in thic appendix, In this cacc the noise factor
with imnge .esponce would be given by the following expression. Compare
with Eq. (C.13). (Note doubling of second teimm.)

2(?5-1) a(F_-1)

Flg=F+—— gt

0, 0, 9,
Q(Fu-l) (F.-2) (FG-J.)
o el v g el v s
0.%.%. 9%.% Y. %, %.%."%_ %, %,
1 0p 03 70,70,70,°0, 70,°0,70,70,70,
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The firat step (o the calculation of the tolal output nofse power
due to tha dasired r»-f band, The differont points of intorest w:il be
refurred Lo by letters shown in Pig, C.2(u),

For the desired r-f band (vonsidering only thati power that will
eventually roach the output) the following values for the total noise
power anp obtained at the difforent polints:

A" . k'rossoolrl (c.1)
"R ;«1'0136[c.xolooeﬁ'1 + ooa(-Fé-L)] (c.2)
"¢" w kT.B.[C G G F +0 0 (F-1)+ (F 1)) (c.3)
06 0; 0, 05°L " "0, 70,172 05" 3
"0" = KT.B.[G, G, G, G, F,46, G G (F,-1)«0 G (F, -1)
0°6 0;705 0,°0,7170,705°0, 2 0570, 3
+ coh(ru-l)] (c.4)
g w1 B.[6 6.0 6 6 F4G6 G G G (F.-1)
076 0;70, 0370, 05 170, °03°0,705"" 2
+6.6.6 (F.-1)+_ ¢ (F -1)+c_ (F -1)] (c.5)
770,70, 705 3 0, 05 b 05 5

*Here the expression -
kToBécos(Fs-l)

is used as the value for the excess noise added by the mixer. This
meann that it {8 acsumed thot the mixer image "termination" is At the
standard temperature, i.e., "perfectly matched", If this cannul Ve
acoumed, it is neceasary Lo treat the mixer noise by the following
method:

Totul noise Excegs noise Amplified noise Amplified noise
povalr outpul | = | udded by the | + signal + image
of the mixer mixer termination termination

This is the reason for the quantity (Fh-a) that appears in some of the
literature on mixers. Using the above equation, the following is ob-
tained for the total noise-power output,

N, = kT BG (FM-2)+0

0 0 M OM oMt s1g * CoM's image




"F" = kB0 6 0 6 5 0 F 3 o G 6 (F 1)
06 ¢y 0, 040, 0,% 170, 5,0, 0,05

6. (F.-1)4

' °03°o,‘°ea o' o (Fu“1)“’05006(?5'1)“’06(’6")] (c.5)

o
0, 0, g

The vulue for the pover of the mmplifrfed source nofse at "“P* s

xT.B.6. 0. G G C.0 (c.m)
06 0, 0, 03 0y, 05 O
Using this, the over-nll noise¢ f'igure is then
- r (Fp-2)  (F,-1) (F,-1)
fl.6 "1t g Yoo o
] C.G
01 01 02 0l 02 03
(F.-1) (Fee1)
+ 2 + 6 (c.8)
6. G. G, G G.G6.G. .G G

0l 02 03 0y, 0l 02 03 0, 0,j

''nis result could have been obtained directly from an extcnsion of
the noiye factor of cascuded networks as presented carlier, but the
entire development was given here to point out the technique and lead

up to thc consideration of the image noise.
There will be a certain amount of noise in the output that can be

attributed to the image band.

1t 15 not necessary to start considering

the noise in the imuge band until polnt "C" since the second preamplifier
stage was the tirst stage to have the image band in its pass band, and
the imuge appears in the pass band of all stagec from there to the mixer.

The noise power in the image band is then given by the following
expressions, using the same notation as above, '

Imsge band
noice at "C" = kT|OB6[GO
Image band
‘noisc at "D" B kTOBG[GO

<F3-1)1 (c.9)

3
G. (F.-1)+_ (F, -1)) (¢.10}
30y 3 0, b

At the mixer this noire has now Leen translated to the i{-f Crequency
ulong with the nolse in the desired band, but it is important to include
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hore only the noloo that originated in tho image band.

G, (F3-x)+o° o, (Fh-l)] (c.11)

Imnge band - kTOBG[OO Go
37878 by

noise at "E"

There 1o no component of excess noise added hnre by the mixer since
that is nlready included in the noise for the desired band, The came
comment applies to the {.! amplifier output as given below,

Image band kT B.{G. 6. G. G (F

noise at "F" 06 050,05 0g 3'1)+0 G, O 6(F5-1)] (c.12)

0, O5 0

Now, to find the noise factor for the system, first add the noise
in the image to that attributed tc the desircd band. After doing this
lt 1s found that Lhe over-all noise factor has a larger value,

F.-1) 2(F.,-1) 2(F, -1)
Ei 6" Fl + ( 2 3,
- o G. G G.G. G
0, 0,0, 0,0, 0y
(F_-2) (F.-1)
- —2 + & (c.13)

GyG, 6,6, G G G G G
0,°0,7057°0),  ~0,°0,°05°0,"0

)

Here, the noise in the signal band and that in the image band have
been considered sepacrulely, so Lt the value (55-2) is used for the
excess noise ad¢ed by the mixer, See footnote page 87.

In effect, there has occurred an approximate doubling of the noise
factor of stages 3 and 4, As explained agove there is no effect on
atages 5 and 6, If the pass band of the first preamplifier had included
all the imagc, then the noise factor would have been, by inspection,
the follcving value:

-90 -



2(F.-1) 2(F.-1) 2(F
S (F, , ( 34 1)

1-6 L
’ G G, G G, G
0l 0l 02 0,

G
1 9 04

F.-2) (F.-1
. (Fy . 6t (c.14)

6, 0,G G C.G. 0 G O
0, 0 03 0, 0l 02 03 Oh O5

172

Continuing this one step further would show that unless the over-
all noise (actor is effectively determined by the preamplifier alone it
will never be quite doubled, even if there is no image rejection,

To complicate the situation somewhat, while illustrating that this
problem can usually be solved by inspection, consider the situation vwhere-
in the pass bands are as in Fig. C.3(a). It would certainly be unusual
to be faced with a problem such as this, but it will serve to illustrate
the technique (this was solved by inspection),

1.25(§é-1)
hg=f* -

1.75(F,-1) 2(?@-1)
+ - +

G G, G G.G G
0y 0l 02 0l 02

%3

(F.-2) (F.-1)

b . £ (c.15)
6. 6.6 G G G G G G
0,0,030, 0,0,050,70

3 >

Peware of the trap in a situution such as shown in Fig. C.3(b).
Bandwidth No. 3 effectively limils noise caused by stage No. 2, Again,

by inspection, the nolse factor is as below.
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FIG. C.3. Superheterodyne with partial image-band acceptance.

1.33(?2-1) 1.33(53-1) 1.67(FL-1)

F s ¥4+ + +
1.6 1
G c. G G.G.G
0, 0,70, 010203
(F_=2) (F. -1)
b + 6 (C.16)

Gy Oy Gy G, Gy G, G, G G
0,°0,705°0,  ~0,°0,°0.70, "0,
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APPENDIX D. EFFECT OF SWEEPING LOCAL OSCTLTATOR ON SUPERHETERCDYNE
RECEIVER NOISE BANDWIDTH AND IMAGE BAND NOISE

Consider now a situation similar ts that just discussed in Appendix
C, but in this receiver the local oscillator frequency will be swept
through a range of frequencies in order to permit the narrow-band i-f
to be tuned to a range of r-f frequsncies. See Fig. D.1{(a). The i-f
bandwidth will be only a small fraction of the total bandwidih covered
by the local oscillator, F. ©Of course, there must be an image hand just
as before, as shown in Fig., D.1(b). Of particular interect are the
effects of nolse added by this image; but first, the effects of noise
in the desired band will be examined.

While in the sweeping mode, there is an apparent widening of the
2-db bandwidth of the i.f, accompanied by a decrease in gain in respect
to the selectivity and amplification of signals. This effect has been
examined elsewhere, but these results do not apply directly to thg‘
problem of noise so another approsch must be used, J. L. Grigsbyly made
a thorough study of the repetitive sweeping local oscillator, the pano-
ramic receiver, and obtained some results that will be very useful here.
Specifically, he considered a sawtcoth variation in frequency. Grigsby
found that with a sawtooth-frequency-modulated local oscillator there
was effectively a local oseillator frequency compouent every 1/T cyecle
taroughout the range of frequency variation of the local uscillator where
T is the period of one frequency sweep. Each of these components will
translate the noisze in narrow bands in boih the desired and image bands
down to the i-f frequency, but each cne will do so with o much lower
conversion gain than if the local oscillator had a fixed frequency.

Patting his results into an equation, the following expression is

obtained:
Apparent ] Nuwber of Total BW Effectiveness cf-?-
noise BW = LG components accepted each L0 component
in the i-f band as compared to &
fixed-frequency
- 93 .
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FIG. D.1. Frequency bands of sweeping-local-oscillator receiver.
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Simplifying, it can bte seen that for no imcge response,

. *
AFY = AR,
B! =B
Bir = Prp
The complets theory behind this result is rather complicated, and

the reader is referred to Grigsby's original work if he wishes more in-
formatior.

The equation above will give the value of the apparent noise band-
width, Now a step.by-step method to consider noise in the sweeping

receiver will be presented. The same configuration as used before will

*It may appear that the total bandwidth accepted should be AF + Bip,
since the local oscillator sweeps through & range Af and the i-f pesss
band will overlap the ends. This is true from the signal-acceptance point
of view, but at each end therz are only ore-half as many local oscillator
components in the i-f pass band, and these effects cancel each other so
that the effective bandwidtin accepted for noise purposes is Af.
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FIG. D.2. Location of image band, overlapping case.

be examined. See Fig. C.l{a). Note that now the local-oscillator fre-
quency will be varying linearly with Lime,

A disgram of the pass bands will not be given, but the first case
considered will be merely that one in -which there is no image response.
In this situation it should be easy to see that ihe noise factor will be
unchanged.

(§ ‘l} (Fé“j-)

e o

G°1J°2G03u°h G G GO3G°hG 5

There are two general situations as far as the image and desired
bands are concerned. One of these is illusirated in Fig. D.1(b): the
bands are completely separate. The other is shown in Fig. D.2: the bands
overlap. It ic also possible, in the first case, to have the bands over-
lap the range of freguenciss of the loecal oszillator, as is always the
case with overlaping image and desired bands. At first, it might be
< houghi that there would be local-oscillator feed-through, since the i-f
pass band will actually cover some of the local-oscillator components
during the cveeping asction. This does not occur because of the resulis
of the vector addition of #1) of the compoaents. Wnat should be rnoticed
is that, since part of the image is overlspped by the desired band in
the gecond case, the noise in the overlapped portion is part of the
“"desired" noise =nd all that need be zonsidered is the noise in that portion
of the image band not overlapped, il it is not rejected by the pass bands

of the stages preceding the mixer,
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This would be an extremely long siudy if an attempt was made to
eover every possible urrangement of pass bands with the two cases of
overlap and non-overlap, but enough examples will be given to fully
illustrate the technigue, These results are all obtalned merely by ex-
amining the pas band diagrams and using the technigue developed in the
section on non-sweeping local oscillators. The eguation given above for
the apparent noise bandwidth is the key to the entire solution.

First, exumine the non-overlapping case. Pass bands are as in
Fig. D.3(a}.

(F.-1) 2(;'?3-1) 2('?;;1)

Fg=F + —E— +
G. 8, &, Gy G, G,
1 1 V2 1273
(F;-2) (Fg-1)
+ = 2 + &
G G G G G G G
Gcl"og 0370, Ge,i 0, 04 0y o

This is the same result that was obtained for the non-sweeping case,
but the reader should bear in mind that the phenomens causing it and the
technique used to obtain the resulit are completely different. Examine

the third temm, -
F.-1)

[\
—

[ Noise BW attributea} ;{ Hoise BW attributed )
. . _ to desired band to image barnd 4
(Multiplier) ( Noise BW aﬁ:ributed)
to desired band

B Width of
o (32) (o) ()
__IF "\ 1T overlapped AF
Bip

Anéd in this particular example, with the width of the image over-

lapped equal to the total bamawidth Af, the multiplier is egual to 2.
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FIG. D.3. Image-band response, non-overlapping casc.

Perhaps another example will
For the

% peermenl mae

Ay UVvCLLONS

ks
o

D.3v].
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ands as in Fig

nt

its pass band ocomplet

eclarify *his point.

i n
13

fourth term there

3

the imuge; nowever, pass band Ho., 3

Consider the pass

apped

includes only 0.75 of the image. The noise factor is then changed sé
that
_ (F-l)  L.75(F-1)  2(F,-1)
¥ =F + == + + :
16 "1 o
GC G_ Go G, G
% ”2 1 % 0
(F.-2) (F.-1)
+ ~ + L
6.3 2 G G.G. G. G, G,
(2 I o
0% O3 Gh Ol 02 o I 0§
Not to pursue this point any longer, the overlaepping case will now
be songidered., Romember that the "additional" noise added by the image
is only that part that is in the portion of the image band not over
by the desired band.
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igure D.4{a) gives the bpass bands for the first example, This ig
4 trivigl cage:

6,666 G GG G g
070,050, %0,%,% %, 05

Nov consider a more complex situation as in Fig. D.L(b):

(F-1) 21.5(F.- 1.5(F, -3
151 L5(F ) , LoE

Fle-é = 1.25‘1 + Py * GS ) GG GO GG
“1 172 17273
(F.-2) (F.-1)
+ 2 + 6 -
G. G G G 6. G G G G

61026301& OOOO&G

Note that pass band No., & effectively 1inits the s=cond apa thira
term multipliers Ty its width.
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Arranged Alphebetically By Authors

R. B. AdZer ané #. A. Haus, "Hetwork realization of optimum noise

performance”, IRE Trans. vol. CT-5, no. 3, September 1953,
Bp. .L,é-lél.

{Sez 21so 4. A. Haus)
Airtorne Instruments L bcratorv- Tne., {Advertisement), "Hoise
figure and measurements®, The Pulse of Long Island---L. I.
= H

IRE, Cctober 1956.

Dest ibes sope of the difficulties encountered in using
temperature~limited diodes when measuring noise figures
of extremely low-noise r-f amplifiers at 100-200 Mc.

, {Advertisement}, "Hoise fig ie measurements”, The Pulse of

ng Island---L. I. Section the IRE, Deeémbe l;éE.

-

PA]
LT

Problems encountered at higéer fregusncies indiecate use
of gas discharge tube for noise source.

-— _ = ~ - %
¥. R. Arams: see A, L. Mc¥horter.;

E. Ayer, “Characteristics of crystal-video receivers employiﬁg
r-f preamplification", Technical Report No. 150-3 [AF 33(600)-
2778k], Stanford Electronies Laboratories, Stanford hiversity,
Stanford, California, 20 September 19%6.

"The operating characteristics of crystal-video receliving
systems with r-f preamplification are discussed and
equations given for the maximum sensitivity (Sg..), and
for the gain required in the presmplifics= 4o roalize Sgax-
Use of the equations is demonstrated by means of specific
examples. An analysis of the behavior of this type of
system is presented in the #pnen&zij the derivaticn of the
Smax eguation being given there”. Tne work presented
here is not of a rigorous nature in the proofsz, and the
results reguire that the gain and noise figures be such
that the detector/video-amplifier excess noise may be
disregarde” completely.

Bell Telephone Laboratories, Radar Systems and Components, D. Van
F

Hostrand and Company, New York, 1943,
Littls material other fhuan vusic definiticns.

dat, Pricziples and Applicstions of Handom Noise Theory,
John Wiley and Sons, Ins., Rew York, 193o.
grzmavily concerned wiih random nolse theory azé assoc-
fated mathematics, but this book does cover a litile on
thermzl no;5§ Technigues for finding the output signsl-

to-noise ratios of various devices, such ss detectors
and gorrelsiors, are presented,
- 150 -
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- BiBLTOGRAPHY (Cont’d)

7. C. E. Chase, "Direct rez=ding noise figure indicator", Electronics,
November, 1953. )

A insbruseni is described wnich makes possible direct

reziing of noise figure measurements with a minimum of

adjustments reguirsd,

u]
.

Seymour B, Cohn, "Th¢ noise figure muddle", The Microwave Journzl,
vol. 2, no. 3, March 1939, pp. 7-11.

Primarily interesto? in merely pointing out that certain
proviems do occur with image frequency channels. Cohn
examines specifically the Gasic parametric amplifier
with the added complications of pump and idle frequenecies
that contribute fo the system noise. The article is an
editorial, and the quantitaiive problem is not thorougldy
covered.

7. Wilbur B, Davenport, Jr. and William L, Root, &n Introduction o ik
Theory of Random Signals and Noise. MaGraw-Hill Book Company,
Inc,, Hew York, 1950.
Contains a chapter on network noise figure, but most of
. the book is on the mathematics of random noise theory.

(John Ebert: see Arnold Newton.)

by

2G. Harold J. Ewen, "A thermodynamic analysis of maser systems"”, The
Microwave Journal, vol. 2, no. 3, Marck 1959, pp. Ll-U6.

At excellert discussion of the noiss performance aspecis
of systems using maser amplificrs. Ewen points cut that
the rapid development of the maser "has stimulsted a
careful review of conventionsl methods of sysiem nolse
aznalysis”., Thne measure of noise performance that he
asdvocates using is the effective input noise temperature.
The analysis presented includes the effesis of vorying
temperatures of the galactic backsround, ionosphers,
atmospheric oxygen, atmospheéric water vapor, and receiver
ncise, The paper derives the expressiosn for the "system”
temperature by including the effecis of each componesnt
"temperature” weighted by the associated loss of each
component.

(13

(D. C. Forster: see Mr, R. Currie.

1l. J. J. Freema:, Principles of Hoise, John wWiley and Sons,
York, 1u3

As weil as de

took also hss

n the gccuracy of nois
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oise figure of radic
Tne definition is not
but car be applisd to

four-termi

ermi ; : sl, An anslysis is made
of the relstionship bet oise figure of the
receiver as figure of iis ccmponents.

Mismatch re s betueen the ccmponents of the receiver
and methods of measursment of rnoise figures zre discussed

, énd Dwight Q. Korth, "Discussion on 'Roise Figures of Radio
Reeceivers'™, Proc. %, vol. 35, no. 2, February 1945,
p.

mall points that vary be-

is, This is mostlj a
e entire Fleld today. Dr.
z::‘sblem er ......h-}ﬁ tand *esponse

Béward L. Ginzton, Microvwave Measuremsnts, McGraw-Hill Book Company,

as =
Iii-ﬁs; Hew Yorxz, 1957,

Contains materisl on noise temnerature of cryscal and
noise measuremenit lechnigues.

Ha*sld C-c doerg, "Some notes on noise Figures®, Proc. IRZ, vol. 136,
12, Gotober 1948, pp. 1205-1214.
"Tnis paper takes wp the basic ideas and definitions
proposed by H, T Friis and greses;s them in = form that
is more easily understood. Naturslly, complete gener-
ality is not achieved, and the ¢ onclusions are subje
to restristions. Hevertheless, usefu’ resuits are
obtained. Subjects trested include expositions of the
zeaning of favailable gsin', and the derivation of
sizple noise-Tigure formulas for zany types of eircuitis
in commorn use.” This paper iz i confusing on the
protles of source temperatures other than the standard,
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BIBLIOSASIMY (Cont'd)

b, C. T, McCoy, "Present und future capnbilitievs of microwave crystal
receivers”, Proc. IKE, vol. U6, no. 1, Jun:iary 19'8, pp. O61-00.
"The lower Limits of wecelver noise ave explafned in
teiwn cf the rundumental physical constunts of vacuum

tubes und nicrovave crystal rectifiers, With negative-
grid vamiu tubes, the receiver nolse, expressed in
aboolute temporaturv unils, cun be about 309K at )0 Me,
but incrcases o about 10009K at. 1000 M:. For crystal
rRuperheterodyns at all frequencies below 10,000 Mc, the
receivar noise cun be down to G00°K, limited only by the
eryotal mixer, Above 10,000 M~ the crystal rectifier
parngitic elementy---spreading und baregier cnpucitance---
cauge the receiver noise to increase rapidly Lo values of
approximately TOOOCK at 70,000 Mc. For the future, nigh-
mobllily semiconductors and nev rectificr gecometry promise
substantinl reduction of the parasitics. Also, u cocling
mechaulsm promisec lLimitless reduction in nolse; a receiver
noise of 1%0°K for all frcquencies below 100,000 Mc neems

feasible."
( : see G, 0, Messenger.)

45. A. L. McWhorter and F. R. Arams, "System-noisc measurement of a

solid-state muser", Proc. 1RE, vol. 46, no, 5, May 1958,

pp. 913-914 (Correspondence).
Discusscs briefly some specinl problems cncountered in
determining effective input noise temperature of a com-
plete system using a_ Lhree-level solid-stute maser. Be-
cause the noise introduced by the device under measure-
ment i{s no smull, special care muct be taken not to intro-
duce errors.

W¢. Arnoid Newton and John Fhert, "Noise figure and some measurement
aspects", PRD Reports, Polytechnic Kesearch and Development
Co., Inc., vol. 2, no. 1, April 1953.
Primarily concerred with Lnstrumentation problems--noise
sources (hot resistance, noise dinde, gus discharge, and
impulse noisc generator), transit time correction tor a
nolse diode, ete.

L7, D. 0. North, "The absolute censitivity of radio receivers", RCA
Review, vol, 6, Jenuary 1942, pp. 332-3bk, -
One of the early works in the fleld that incroduced the
roise figure nnd nbcolutc sensltivity (output gignal-to-
noise ratio equal to unity).

( : see H, ', Friis.)
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Rennetn A, Norton and Arthur C. Omberg, “"The marimum range of a
radar oet", Proa. IRE, vol. 39, nc. 1, January 1907, pp. h.0h,
The topic o most interest 10 this 3tudy vas the material
on the effects of external nolse nnd the externul noice
fuctor of thu antennn.

B. M. Oliver, "Noise fligure nand {to measurement", ‘awlcit-Pnckard
Journal, wol, 9, ro. %, Jnnuacy 1948, pp. 3.5 (sec ulso . C.
Poulter).

Brief discungion of scme of the theory of the nolse
figure, to include source temperuture considerations,
manpurement, and cffects of gpuriouc responses.

(Arthur C. Omberg: see Kenneth A. Norton.)

J. L. Pawgsey and R. N, Brucewell, Radio Astronomy, Oxford at the
Clarendon I'ress, 195%.
A part of one chapter is devoted Lo rcceiver noise and
sensitivily rg well us antenna temperature.

Polytechnic Research and Development Co., Inc., “Detection and
pover meusurement", PRD Microwave Test Equipment, Catalog E-8,
19958, ‘
Divcusses microwave power measurements, using both crystals
and bolometers, with comments on noise and sensitivity,
and errors cuuved by nolse.

Howard C. Poulter, "An nutomatic noise figure meter for improving
micrownve device performance"”, Hewlett-Puckard Journal, vol. 9,
no. %, January 1958 (Sce also B, M. Oliver,.

Describen theory of operation and use of an automatic
noige-t'igure meter designed to operate with cither u gas
disclinrge noise source or temperature-limited diode
source. Measurements can be made on o manual bosis or a
swept basis. Further information on this topic 15 con-
tained in "Additional convenlences for noise figure
measurements", Hewlett-Packard Journal, vol. 10, no. 6.7,
February-March 19%9.

4. L. Pritchard, "Notes on a arystal mixer performance”, IRE Trans,
vol, MT1-%, no, 1, January, 1959, pp. 37-39.
Discusses mixer crystal nolse temperature and effects
of matching conditlon at input and output. Also gives
optimwu 1-f source impedance.

LouSs N. Ridenhour, Rodar System Enginecring, vol. i, MIT Rodiation
Iab Series, McGruw-ﬁI§I Book Compnny, Inc., New York, 9h7,

An introduction to the theory of the minimum detectable

tignal os well ar to some ctatistical conespta of nolue,
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RIBLIOGRAPYY (Cont'd)
(William L. Root: seo Wilbur B, Davenport, Jr.)
(B, Salrbarg: see J. €. Greene.)
{E. W. urd: see J, C. Greune.)

Robert S8aul and Elaine L. Luloff, "Microwave nolie flgurc mcagure-
ments using o clgnal generator”, Ine Microvave Juurnul, vol,
2, no. b, April 1999, pp. 33-30.
Dascribes th» actual technique of using n signal gener-

ator 10 obtain noise figurea. 'The treatment cf the

problem of source tempernture {s not very explicit.

(R. L. Schafersman: sec W. W. Mumford,)

Karl R. Spangenberg, Fundamentale of Electron Devices, McGraw-Hill
Book Company, Inc., New York, 1957.
A chapter is devoted to ncise in electron devices.

G. C. Stanley, Jr,, "Noise I'igure measurement techniques”, Internal
Memorandum [DA 36(039)sc-73151), Systems Technriques Laboratory,
Stanford Electronics Laboratories, Stanford University,
Stanford, California.

Primarily concernsd with measurement techniquen, but docs
contaln some definitions of interest.

» "Nolse figure measurements of several S-band truveling-wave
T tubes", Technical Report No. 503-2 [DA 36(039)sc 73151],
Stanford Electronics Laboratorics, Stanford University,
Slunford, California, 21 April 1958,
Several definitions of noise source temperatures.

Petcr D. Strum, "Some aspects of mixer crystal performance”, Proc.
IRE, vol. L1, no. 7, July 1953, pp. 875-889.
"An investigution of crystal noise characteristics ic
reported, and it is shown that there is an optimum inter-
mediate f'requency for minimum noise figure. The design
criteria for minimum receiver noise figure nre shown."

"Considerutions in high-sensitivity microwave radiometry",
Proc. IRE, vol, U6, no. 1, January 1958, pp. h3.53,

e effects of internal receiver and antennn noise are
congsidered as well ags other charucteristics, such ac gain
fluctuations that are primarily problems in the receiver
derfgned for rudio actronemy work, An anolyeie ol the
vignal-lo-noise performance of the linear, cquare-law,
und genevral.law dcteclors lus presented,
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y A not on notic wampurnture®, U0 chien, vol, MTTed, no, 3,
July 29,0, pp. lunelsl, T

"The of'fuvtive wwaioe temperature of Lhe output impedunce
of u losoy pusnive network -t . urbitrary noise temper-
ature connected to one or aore rensistive louds at arbitrary
nolue temperature liev beiween ine highest and lowest of
these noioe temperaturcs, i determined by the locses
betveen the output temminals und the loads, The deter-
minullon of the effactive noisc temperature of o gus-
diaschurge noice goncrator over o wide frequency Vange i
simplified by the substitution of a loss measurement for
the mure dirficult noise temperature mensurement. For
minimum-noise rador applicntions care must be used in
concldering the excess noine of cryctal mixers and gas-
diacharge duplexers. The -Influence of galatic radiation
on a recelving cystem {s such that there is an optimum
frequency in the region of 200 to 600 lMc {or minimum
"operating noise figure”. Typical exumplee of radio-
astronomy measurements are amenable to analysis of the
type given. Finnlly, neveral corrections to measured
uoise figurc are analyzed."

Frederick Emaons Terman, Electroniecs and Radio Engineering, Mcfiraw-
1L Book Company, Inc., New York, 195H.
A genernl reference book thut gives scme detiaitions
e o

and equationy of interest but no treatment on "touper-
ature".

Henry C. Torvey and Charles A. Witmer, Crystal Rectifiers, vol. 19,
MIT Rndiatlon Lab Series, McGraw-Hill Book Company, Inc.,
New York, 1948.
Complete Lrentment of nclse and sensitivity, although
some of the material is out of duaie,

(George E. Unlenbeck: see James L. Lawson.)

George E. Valley und Henry Wallman, Vacuum Tube Amplifiers, vol. 18,
MIT Radiotion Lob Serics, MeGraw-}ill Book Company, Inc.,
New York, 1943,
Specific chapters of intercat were "Amplifier sensitivity",
"Mintmu) noloe clrcwils”, una "Meucuremcnt of nolgse
t'igire”.

Jonn P, Van Duyne, "Noige limiterd recciver sennitivity mcasurement
technique"”, The BRC Nctebook, No. 20, Eooanton Radlo Corpor-
ntion, Paantan = Near Joracy, wWioler 3900,

An interecting account of carly methodn ~f gpncilying
receiver uolse covering the limitations nud crrors of
each technique, 'The tiethods covered are "squivulent
nofve ofdeband input”, "standara outpur', and nolue
f'igure,

- 110



Wy
('

. 67.

BIBLIOGRAPHY {Cont'd)

A «- e ndoam id L Fi
5. N. Van Voorhis, ed., Microwave Receivers, vol. 23, MIT Radiation
Leb Series, McGraw-Hill book Company, Inc., ¥ew York, 1948,
tnis work contains material on noise ss it is found in
nearly every stage of tae receiver. Many practical ex-
amples are given, but the calculation of the system noise
figare or sensitivity is not covered in great detail.

-

(G. Wade: see H, Heffner.)

{Henry Wallmar: see George E. Valley.)
{Charlec A. Witmer: see Henry C. Torrey.)

Aldert van der Ziel, Mgice, Prentice-Hall, Inc., New York, 1954,
More than half of this book is of interest to this study
although some of the material is difficult to understand.
The remainder deals with the mathematical theory of
random noise.
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